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Objective: Interaction between the coarse aggregates and the mortar phase of self-compacting concrete
(SCC) was evaluated in a two phase program.
Materials and methods: In the first phase, 74 mortars suitable for SCC were produced, combining different
volumetric ratios between powders and fine aggregates and different binary blends of powders. In the
second phase, 60 concretes were produced with different volumetric ratios between the mortar phase
and the coarse aggregates, and their fresh and hardened properties were evaluated.
Results: Based on this study, correlations between mix design parameters, fresh and hardened properties
were obtained and a methodology was proposed for the mix design of SCC.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Since the first developments of self-compacting concrete (SCC),
several methods have been proposed for its mix design, especially
in the 90s, coinciding to the period of a quick increasing use of SCC.
In general, all methods reflect, with greater or lesser extent, some
concern with the optimisation of the granular skeleton and the
reduction of the paste volume. In large scale applications, the econ-
omy and robustness of the mixtures are always a present concern.
It is a common ground that there is no single universal solution,
but rather a very wide range of possible solutions that, taking into
account locally available materials, are able to give a satisfactory
outcome in each particular situation.
The first well known mix design method was proposed in 1993
by Okamura, Ozawa and Maekawa [1–3], which was later
improved in 1998 by the contribution of Ouchi et al. [4]. This
method, developed in the University of Tokyo, was then known
as the general method. The general method assumes as the starting
point the design of the mortar phase, which must meet certain
flow requirements, necessary to achieve a SCC. In the mortar phase,
the ratio between the volume of fine aggregate and the volume of
the mortar excluding air (Vs/Vm) is 0.40, and the water/powder
ratio by volume (Vw/Vp) and superplasticizer/powder ratio by
mass (Sp/P) are adjusted to obtain the required flow properties.
The volume of coarse aggregates (Vg), with a maximum size of
20 mm, is calculated on the basis of 50% of dry compacted bulk
volume of coarse aggregate excluding air content (Vap). The
slump-flow, v-funnel and U-box tests are used to evaluate the
self-compactability of concrete. The general method considers
some of the mix design parameters as almost constant, which
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allows little flexibility in optimising the granular skeleton, usually
leading to higher portions of paste when compared to an optimised
granular structure [5]. Afterwards, the general tendency was to
focus on optimising mixture proportions, aiming to reduce paste
volume, mainly by increasing the volume of aggregates. Some con-
tributions to improve the general method were proposed by Pelova
et al. [6], Domone et al. [7] and Edamatsu et al. [8]. The general idea
was that it was possible to increase the volumetric ratio between
the fine aggregate and mortar (Vs/Vm) and increase the volume
of coarse aggregate (Vg) by reducing its maximum dimension,
but the equilibrium between both variables is a focal point to
achieve the self-compactability.

A different approach from that used in the general method was
developed in CBI by Petersson, Billberg and Bui [9,10] in 1996. They
based their work on previous studies conducted by Bui and Tang-
termsirikul and Bui [11]. In the CBI method, the concrete was
assumed to be consisted basically of two phases, namely, the liquid
phase (paste) and the solid phase (coarse and fine aggregates). The
reduction of the paste volume is achieved by optimising the solid
phase, combining the maximum inter-particle distance criterion
and the blocking criterion. The first allows estimating the optimal
coarse/fine aggregate ratio, while the second allows estimating the
maximum volume of aggregates. The model includes the external
conditions, such as the diameter and the spacing between steel
bars. Later developments by Bui and Montgomery [12] considered
the introduction of an additional criterion, called the criterion of
liquid phase. The liquid phase criterion, in conjunction with the
blocking criterion, leads to the evaluation of the minimum volume
of paste required to produce a satisfactory SCC and to ensure
proper passing ability in L-box test.

The method developed by Sedran and Larrard [5] in the LCPC
has also represented a contribution to optimisation of the solid
skeleton of the SCC. Its main feature is based on the use of a math-
ematical model developed by LCPC and called Compressive Packing
Model (CPM). This model considers any range of sizes of materials
and differs from the previous in that the cement, additions and
aggregates are all included in the CPM. The method is supported
on mathematical models that estimate the fresh properties as a
function of the characteristics of materials and external conditions,
such as the border effect provoked by formwork or the effect of
spacing and diameter of the steel bars.

Many other approaches were developed, as for example the one
proposed by Su et al. [13] and Su and Miao [14] for medium
strength SCC, that starts by determining the volume of aggregates
using the packing factor (PF) and only later the properties of the
paste. Sonebi [15] has also investigated the effects of the cement
content, additions and SP on the fresh and hardened properties
of SCC and proposed a statistical model to simplify the test proto-
col required to optimise a given mix. Improving performance and
robustness of SCC in large scale production emerged naturally as
a key factor concern. Kwan and Ng [16] argue that decreasing the
W/C ratio and increasing the fine/total aggregate ratio are both
effective means to improve the performance and robustness of
SCC. Kwan and Ng [17] have also confirmed that the addition of
pulverized fuel ash and/or condensed silica fume can significantly
improve the performance and, more importantly, the robustness of
SCC.

The EFNARC specification and guidelines for SCC [18], published
in 2002, reflects the so far practical experience and the latest
research findings, and provided to his members in Europe a
framework for design and use of high quality SCC. Indicative
typical ranges of proportions and quantities are given for initial
composition, assuming that further modifications could be neces-
sary to meet strength and other performance requirements. The
initial parameters are: a water/powder ratio by volume (Vw/Vp)
of 0.80–1.10; a total powder content (Vp) of 0.16–0.24 m3/m3
(400–600 kg/m3); a coarse aggregate content (Vg) of 0.280.35
m3/m3; a W/C ratio selected based on EN 206-1:2000 [19] and a
water content not exceeding 200 l/m3. In 2005, the European
Guidelines for SCC was published [20]. This document did not pro-
posed any standard method for SCC mix design, because, as it is
mentioned, many academic institutions, admixture, ready mixed,
precast and contracting companies have developed their own
mix proportioning methods. The option was to establish the mix
design principles based on general recommendations. In America,
ACI [21] recommends different contents of ultrafine material from
355 kg/m3 to more than 458 kg/m3 depending on the required
slump-flow, a volume of paste (Vpw) from 0.34 to 0.40 m3/m3, a
volume of mortar (Vm) from 0.68 to 0.72 m3/m3, a W/C ratio by
mass from 0.32 to 0.45 and a content of cement from 386 to
475 kg/m3.

Looking at the application of the SCC from 1993 to 2003,
Domone [22] concluded that successfully performed SCC were
obtained for a great variety of constituents and mix proportions,
but considerable scope for optimisation of mixes for greater effi-
ciency and economy was still possible. As the most critical param-
eters for successful SCC mix design, Domone [22] has identified:
the coarse aggregate volume, the paste content of concrete and
the fine aggregate percentage of the mortar. The powder content
and water/powder ratio have shown greater flexibility. Median val-
ues of the key mix proportions were a coarse aggregate content
(Vg) of 0.312 m3/m3, a paste content (Vpw) of 0.348 m3/m3, a pow-
der content of 500 kg/m3, a water/powder ratio by weight (W/P) of
0.34, and a fine aggregate/mortar ratio (Vs/Vm) of 0.475. The selec-
tion of the component materials seems to depend on local avail-
ability, but some predominant features can be identified: the
crushed rock with a maximum size between 16 and 20 mm was
predominant; nearly all cases used either a binary or ternary blend
of Portland cement with additions of all the types used in conven-
tional concrete, but the limestone was the most common addition;
all mixes included a SP, but to make mixtures more robust, almost
half cases use a VMA in addition to SP. The filling ability of the con-
crete was evaluated mainly by the slump-flow and flow rate values
and in some cases the L-box and the U-box tests were used to eval-
uate the passing ability. Slump-flow varied mainly in the range of
600–750 mm, v-funnel times varied from 3 to 15 s, L-box passing
ratio values were all in excess of 0.8 and U-box filling height values
were in excess of 300 mm, with the reinforcement spacing varied
in some cases to suit the application. The 28 day compressive
strength varied from 20 to nearly 100 MPa.

Despite the time elapse of about two decades after the first pro-
posal for the mix design of SCC, the attempted for the optimisation
of SCC mortar phase still carried on. Li and Kwan [23] considered
that the rheology of a fresh concrete was largely determined by
the rheology of its mortar portion and hence proper design of the
mortar portion should be the first step in the mix design of con-
crete. Li and Kwan [23] have demonstrated that the factors affect-
ing the rheology of cement paste include the water content,
packing density and solid surface area, and that the combined
effects of these factors may be evaluated in terms of the water film
thickness (WFT). As a result, Li and Kwan [23] extended this con-
cept to cement–sand mortar and purposed a mix design method
based on the WFT. They found that both the WFT and cement/
aggregate ratio have major effects on the rheology of mortar, but
the WFT is still the single most important factor. More recently, Kwan
and Li [24], found that the WFT play an important role in the adhe-
siveness and strength of mortar, and is therefore a key parameter
to be considered in the design of mortar and concrete mixes.

Nepomuceno et al. [25,26] have also proposed a methodology
for the mix design of the mortar phase of SCC that allows to recon-
cile fresh properties and compressive strength when binary blends
of powders are used. Later, a new methodology for the mix design
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of SCC was proposed by the same research team [27]. This new
methodology has been used in Portugal in recent years with suc-
cess, and there are already few researches attesting its validity to
different types of materials [28–30], including recycled coarse
aggregates [31,32]. Furthermore, with some adjustments its use
can also be extended to concrete with lightweight aggregates
[33,34]. In this sense, the authors have proposed to describe in this
article the study that supported the proposal of this new method-
ology for the mix design of SCC.

The new methodology here described is based on simple proce-
dures and assumes the SCC as a two phase material, the mortar
phase and the coarse aggregates. The study was focused on SCC
in which adequate viscosity is achieved by controlling the amount
of powders. For concrete mix design, only binary blends of
powders were used, including two cements and three additions:
limestone powder, fly ash and granite filler. The granite filler orig-
inating from crushing of ornamental rocks, without any additional
processing, was used on a trial basis [26]. Additions from industrial
waste materials are being tested for use as filler in SCC, such as
granite filler or marble dust [35,36], as it can provide economic
benefits and prevent environmental pollution [36]. The parameters
used for the SCC mix design includes: the volumetric ratio of each
fine aggregate (s1, s2, . . ., sn) in the total volume of fine aggregates
(Vs), the volumetric ratio of each coarse aggregate (g1, g2, . . ., gn)
in the total volume of coarse aggregates (Vg), the powder mixture
proportions, the ratio between the volume of powder and fine
aggregates (Vp/Vs), the ratio between the volume of water and
powder (Vw/Vp), the percentage mass ratio between the superp-
lasticizer and the powder (Sp/p%), the volume of voids in concrete
(Vv) and finally, the ratio between the volume of mortar and coarse
aggregates (Vm/Vg). Correlations between the mix design parame-
ters, the workability properties and the compressive strength of
SCC were obtained. Based on this study, a simple methodology
was proposed for the mix design of SCC to reconcile the workabil-
ity and the compressive strength.
Fig. 1. Grading curves of coarse aggregates and reference curve.
2. Materials and methods

2.1. Materials

For this study, two cements were selected in accordance with NP EN 197-1 [37]:
a Portland cement of type CEM I 42.5R (C1) with a density of 3140 kg/m3 and a
limestone Portland cement of type CEM II/B-L32.5N (C2) with a density of
3040 kg/m3. The mineral additions included a limestone powder (FC) with a density
of 2720 kg/m3, fly ash (CV) with a density of 2380 kg/m3 and granite filler (FG) with
a density of 2650 kg/m3. More details concerning the fineness of the powder mate-
rials and the particle distribution analysis of mineral additions can be found else-
where [26]. A polycarboxylate-based superplasticizer (SP) was used, having a
density of 1050 kg/m3.

Two fine aggregates from natural origin were selected and identified as Sand 01
and Sand 05. Sand 01 (S1) was classified as fine sand, with a density of 2590 kg/m3,
bulk density of 1490 kg/m3 and a fineness modulus of 1.49. The Sand 05 (S2) was
classified as river sand, with a density of 2610 kg/m3, bulk density of 1570 kg/m3

and a fineness modulus of 2.71. The proportion between the two sands was
determined experimentally in order to obtain the highest degree of packing of
the granular skeleton in a bulk volume, resulting in 40% for Sand 01 and 60% for
Sand 05, in percentage of the absolute volume of total fine aggregate (Vs). The
obtained mixture was used as a reference curve for the mortar mix design,
presenting a bulk density of 1598 kg/m3 and a fineness modulus of 2.22. The grad-
ing curves of fine aggregates and the resulting reference curve were presented else-
where [26].

Two coarse aggregates from crushed granite were selected and identified as CA
3/6 and CA 6/15. The CA 3/6 (G1) had a density of 2710 kg/m3, bulk density of
1520 kg/m3 and a fineness modulus of 5.08. The CA 6/15 (G2) had a density of
2700 kg/m3, bulk density of 1540 kg/m3 and a fineness modulus of 6.47. The pro-
portion between the two coarse aggregates was determined experimentally in
order to obtain the highest degree of packing of the granular skeleton in a bulk vol-
ume, resulting in 50% for CA 3/6 and 50% for CA 6/15, in percentage of the absolute
volume of total coarse aggregate (Vg). The obtained mixture was used as a reference
curve for the concrete mix design, presenting a bulk density of 1642 kg/m3 and a
fineness modulus of 5.78. The grading curves of coarse aggregates and the resulting
reference curve are presented in Fig. 1.
2.2. Mix proportions

In the study of the mortar phase, the objective was to identify the relevance of
the proposed mix design parameters and to define a methodology to simulta-
neously achieve the adequate fresh and hardened properties to successfully pro-
duce SCC. For this propose 15 binary blends of powder materials were produced
to study the effect of powder mixture. The percentage of replacement of cement
by the additions varied from 0% to 60%. To evaluate the effect of varying proportions
between the volume of powder materials (Vp) and the volume of fine aggregates
(Vs) in mortars, five different ratios of Vp/Vs were produced (0.60, 0.65, 0.70,
0.75 and 0.80).

All of the 74 produced mortars presented similar flow properties, represented
by a slump-flow between 251 and 263 mm and a v-funnel time between 7.69
and 8.77 s. By simplification, in this paper, the adequate rheological properties of
mortars and concretes should be interpreted as the adequate filling ability,
measured indirectly by the slump-flow and flow rate. It is known that, under certain
conditions of flow, without segregation and blocking, those parameters are related
to the Bingham constants of yield stress and plastic viscosity, respectively. The
adequate rheological properties were defined as an interval, based on bibliographic
review and exploratory studies [26]. To achieve these rheological properties, an
experimental procedure was defined to determine the adequate values of Vw/Vp
and Sp/p% in mortars. This would allow evaluating the relationship between those
ratios and the required properties in fresh and hardened state. The volume of voids
when calculating mortars and the contribution towards volume of powder
materials originating from fine aggregates were both overlooked. This study con-
cerns to the first phase of the project and includes 74 different mortars, with similar
rheological properties, different blends of powders and different proportions
between powders and fine aggregates. The mix proportions were presented in
Ref. [26].

In the study of the concrete phase, two objectives were established. The first
was to confirm the adequacy of the proposed mortar flow properties to produce
successfully SCC mixtures. The second, and more important objective, was to eval-
uate the influence of the coarse aggregate volume in workability properties of SCC
mixtures and to define a methodology to successfully produce SCC. The parameters
for the mix design of concrete have included the volume of voids (Vv), which was
assumed as constant (0.03 m3) for concrete without air entraining admixtures,
the ratio Vm/Vg (ratio between the absolute volume of mortar and the absolute vol-
ume of coarse aggregate), the volumetric ratios of each coarse aggregate (g1, g2, . . .

gn) to the total absolute volume of coarse aggregates (Vg) and all the parameters
previously defined for the mortar phase.

A total number of 60 concretes were produced, using different mortars pro-
duced on the first phase as a matrix. The selection included different binary blends
of powder materials, different Vp/Vs ratios (0.60, 0.70 and 0.80) and a wide range of
mortar compressive strengths, ranging from 25 to 95 MPa. Each of the selected
mortar matrixes was used to produce 4 different concretes, corresponding to 4 dif-
ferent coarse aggregate volumes, expressed by 4 different Vm/Vg ratios (2.0, 2.2, 2.4
and 2.6). The Vm/Vg ratios were selected is such a way that the volume of coarse
aggregate (Vg) varied between the limits usually acceptable for SCC. As a result, dif-
ferent combinations between the Vp/Vs and the Vm/Vg ratios were obtained, which
enabled evaluating the interaction between the coarse aggregates and the mortar
matrix particles, with different materials and proportions between powders and
fine aggregates. The interaction between those two ratios (Vp/Vs and Vm/Vg) was
expressed by a parameter which was named MN (Mixture Number), and represents
the product of Vp/Vs by Vm/Vg. The MN parameter was found to have a good and
linear correlation to the total volume of aggregates and, indirectly, to the total vol-
ume of paste in concrete. The mix design parameters of all the concrete produced
are presented in Table 1 and the mix proportions per cubic metre are shown in
Table 2.
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2.3. Test program

2.3.1. Mixing procedure
The procedure of mixing the mortar was similar to that proposed by Domone and

Jin [38], exception for a stop introduced to clean the blades of the mixer, as described
on Ref. [26]. The procedure of the concrete mixing was similar to that adopted for
mortar, excluding the stop for cleaning blades, which was no longer required here.
All the components and the total water (W) were introduced into the mixer and
Table 1
Mix design parameters of SCC.

Id. Mortar phase mix design parameters Concrete phas

Blend of powders Vp/Vs Vw/Vp Sp/p% Vm/Vg Vv

B.2.1 80C2 + 20FC 0.80 0.76 2.10 2.40 0.0
B.2.2 80C2 + 20FC 0.80 0.76 2.10 2.20 0.0
B.2.3 80C2 + 20FC 0.80 0.76 2.10 2.00 0.0
B.2.4 80C2 + 20FC 0.70 0.81 2.10 2.40 0.0
B.2.5 80C2 + 20FC 0.70 0.81 2.10 2.20 0.0
B.2.6A 80C2 + 20FC 0.70 0.81 2.10 2.00 0.0
B.2.6B 80C2 + 20FC 0.70 0.81 2.10 2.00 0.0
B.2.7 80C2 + 20FC 0.60 0.90 2.05 2.40 0.0
B.2.8 80C2 + 20FC 0.60 0.90 2.05 2.20 0.0
B.2.9 80C2 + 20FC 0.60 0.90 2.05 2.60 0.0
B.2.10 80C2 + 20FC 0.70 0.81 2.10 2.60 0.0

B.3.1 80C2 + 20FG 0.80 0.82 2.15 2.40 0.0
B.3.2 80C2 + 20FG 0.80 0.82 2.15 2.20 0.0
B.3.3 80C2 + 20FG 0.80 0.82 2.15 2.00 0.0
B.3.4 80C2 + 20FG 0.70 0.87 2.15 2.40 0.0
B.3.5 80C2 + 20FG 0.70 0.87 2.15 2.20 0.0
B.3.6 80C2 + 20FG 0.70 0.87 2.15 2.00 0.0
B.3.7 80C2 + 20FG 0.60 0.95 2.10 2.40 0.0
B.3.9 80C2 + 20FG 0.60 0.95 2.10 2.60 0.0
B.3.10 80C2 + 20FG 0.70 0.87 2.15 2.60 0.0

B.4.1 80C2 + 20CV 0.80 0.76 2.10 2.40 0.0
B.4.3 80C2 + 20CV 0.80 0.76 2.10 2.00 0.0
B.4.4 80C2 + 20CV 0.70 0.81 2.10 2.40 0.0
B.4.5 80C2 + 20CV 0.70 0.81 2.10 2.20 0.0
B.4.7 80C2 + 20CV 0.60 0.89 2.05 2.40 0.0
B.4.9 80C2 + 20CV 0.60 0.89 2.05 2.60 0.0
B.4.10 80C2 + 20CV 0.70 0.81 2.10 2.60 0.0

B.5.1 100C1 0.80 0.86 3.25 2.40 0.0
B.5.3 100C1 0.80 0.86 3.25 2.00 0.0
B.5.4 100C1 0.70 0.90 3.10 2.40 0.0
B.5.7 100C1 0.60 0.98 3.00 2.40 0.0
B.5.9 100C1 0.60 0.98 3.00 2.60 0.0
B.5.10 100C1 0.70 0.90 3.10 2.60 0.0

B.6.1 70C1 + 30FC 0.80 0.77 2.35 2.40 0.0
B.6.2A 70C1 + 30FC 0.80 0.77 2.35 2.20 0.0
B.6.2B 70C1 + 30FC 0.80 0.77 2.35 2.20 0.0
B.6.3A 70C1 + 30FC 0.80 0.77 2.35 2.00 0.0
B.6.3B 70C1 + 30FC 0.80 0.77 2.35 2.00 0.0
B.6.4 70C1 + 30FC 0.70 0.81 2.30 2.40 0.0
B.6.5S 70C1 + 30FC 0.70 0.81 2.30 2.20 0.0
B.6.7S 70C1 + 30FC 0.60 0.89 2.20 2.40 0.0
B.6.9 70C1 + 30FC 0.60 0.89 2.20 2.60 0.0
B.6.10 70C1 + 30FC 0.70 0.81 2.30 2.60 0.0
B.6.10S 70C1 + 30FC 0.70 0.81 2.30 2.60 0.0

B.7.1 70C1 + 30FG 0.80 0.85 2.50 2.40 0.0
B.7.10 70C1 + 30FG 0.70 0.89 2.50 2.60 0.0

B.8.1 70C1 + 30CV 0.80 0.75 2.50 2.40 0.0
B.8.2 70C1 + 30CV 0.80 0.75 2.50 2.20 0.0
B.8.3 70C1 + 30CV 0.80 0.75 2.50 2.00 0.0
B.8.4 70C1 + 30CV 0.70 0.79 2.50 2.40 0.0
B.8.9 70C1 + 30CV 0.60 0.86 2.45 2.60 0.0
B.8.10 70C1 + 30CV 0.70 0.79 2.50 2.60 0.0

B.12.1 50C1 + 50FC 0.80 0.71 1.00 2.40 0.0
B.12.10 50C1 + 50FC 0.70 0.75 1.00 2.60 0.0

B.13.1 40C1 + 60FC 0.80 0.70 0.80 2.40 0.0
B.13.10 40C1 + 60FC 0.70 0.74 0.80 2.60 0.0

B.14.1 60C2 + 40FC 0.80 0.69 1.30 2.40 0.0
B.14.10 60C2 + 40FC 0.70 0.73 1.35 2.60 0.0

B.15.1 50C2 + 50FC 0.80 0.68 1.15 2.40 0.0
B.15.10 50C2 + 50FC 0.70 0.72 1.15 2.60 0.0
mixing proceeded to the normal speed for six minutes, followed by a stop for two
minutes, and again, a one-minute mixing at normal speed. The superplasticizer
was added to the mixture one minute after its start and without stopping the mixer.

2.3.2. Fresh properties
The tests and procedures to evaluate the rheological properties of the mortar

phase and the experimental and iterative process used to obtain the adequate val-
ues of Vw/Vp and Sp/p% that provided the required rheological properties were
e Relevant parameters for comparison to other methods

(m3) W/C W/CM Vs/Vm Vp (m3) Vg (m3) Vap (%)

3 0.313 0.313 0.407 0.223 0.285 48.4
3 0.313 0.313 0.407 0.217 0.303 51.5
3 0.313 0.313 0.407 0.211 0.323 54.9
3 0.333 0.333 0.433 0.208 0.285 48.4
3 0.333 0.333 0.433 0.202 0.303 51.5
3 0.333 0.333 0.433 0.196 0.323 54.9
3 0.333 0.333 0.433 0.196 0.323 54.9
3 0.370 0.370 0.460 0.189 0.285 48.4
3 0.370 0.370 0.460 0.184 0.303 51.5
3 0.370 0.370 0.460 0.193 0.269 45.7
3 0.333 0.333 0.433 0.212 0.269 45.7

3 0.337 0.337 0.399 0.219 0.285 48.4
3 0.337 0.337 0.399 0.213 0.303 51.5
3 0.337 0.337 0.399 0.207 0.323 54.9
3 0.358 0.358 0.425 0.204 0.285 48.4
3 0.358 0.358 0.425 0.199 0.303 51.5
3 0.358 0.358 0.425 0.193 0.323 54.9
3 0.391 0.391 0.453 0.186 0.285 48.4
3 0.391 0.391 0.453 0.191 0.269 45.7
3 0.358 0.358 0.425 0.209 0.269 45.7

3 0.312 0.261 0.407 0.223 0.285 48.4
3 0.312 0.261 0.407 0.211 0.323 54.9
3 0.333 0.279 0.433 0.208 0.285 48.4
3 0.333 0.279 0.433 0.202 0.303 51.5
3 0.366 0.306 0.461 0.189 0.285 48.4
3 0.366 0.306 0.461 0.194 0.269 45.7
3 0.333 0.279 0.433 0.213 0.269 45.7

3 0.274 0.274 0.390 0.213 0.285 48.4
3 0.274 0.274 0.390 0.202 0.323 54.9
3 0.287 0.287 0.418 0.200 0.285 48.4
3 0.312 0.312 0.446 0.183 0.285 48.4
3 0.312 0.312 0.446 0.187 0.269 45.7
3 0.287 0.287 0.418 0.205 0.269 45.7

3 0.350 0.350 0.405 0.222 0.285 48.4
3 0.350 0.350 0.405 0.216 0.303 51.5
3 0.350 0.350 0.405 0.216 0.303 51.5
3 0.350 0.350 0.405 0.209 0.323 54.9
3 0.350 0.350 0.405 0.209 0.323 54.9
3 0.369 0.369 0.432 0.207 0.285 48.4
3 0.369 0.369 0.432 0.202 0.303 51.5
3 0.405 0.405 0.460 0.189 0.285 48.4
3 0.405 0.405 0.460 0.194 0.269 45.7
3 0.369 0.369 0.432 0.212 0.269 45.7
3 0.369 0.369 0.432 0.212 0.269 45.7

3 0.387 0.387 0.394 0.216 0.285 48.4
3 0.405 0.405 0.421 0.207 0.269 45.7

3 0.341 0.258 0.407 0.223 0.285 48.4
3 0.341 0.258 0.407 0.217 0.303 51.5
3 0.341 0.258 0.407 0.211 0.323 54.9
3 0.359 0.271 0.434 0.208 0.285 48.4
3 0.391 0.295 0.464 0.195 0.269 45.7
3 0.359 0.271 0.434 0.213 0.269 45.7

3 0.452 0.452 0.418 0.229 0.285 48.4
3 0.478 0.478 0.446 0.218 0.269 45.7

3 0.557 0.557 0.421 0.230 0.285 48.4
3 0.589 0.589 0.448 0.220 0.269 45.7

3 0.378 0.378 0.420 0.230 0.285 48.4
3 0.400 0.400 0.447 0.219 0.269 45.7

3 0.447 0.447 0.422 0.231 0.285 48.4
3 0.474 0.474 0.449 0.220 0.269 45.7



Table 2
Effective dosages of SCC per cubic metre.

Id. Effective dosages in kg for solids and in litres for water and SP

C1 C2 FC CV FG S1 S2 G1 G2 W SP

B.2.1 543 121 289 437 387 385 170 13.3
B.2.2 528 118 281 425 411 409 165 12.9
B.2.3 512 115 273 412 438 437 160 12.5
B.2.4 505 113 307 464 387 385 168 12.4
B.2.5 492 110 299 452 411 409 164 12.0
B.2.6a 477 107 290 439 438 437 159 11.7
B.2.6b 477 107 290 439 438 437 159 11.7
B.2.7 459 103 326 493 387 385 170 11.0
B.2.8 447 100 318 480 411 409 166 10.7
B.2.9 470 105 334 504 365 364 174 11.2
B.2.10 517 116 314 475 365 364 172 12.6

B.3.1 532 116 283 428 387 385 179 13.3
B.3.2 518 113 276 417 411 409 175 12.9
B.3.3 502 110 268 404 438 437 169 12.5
B.3.4 496 108 302 456 387 385 177 12.4
B.3.5 483 105 294 444 411 409 173 12.0
B.3.6 468 102 285 431 438 437 168 11.7
B.3.7 453 99 322 486 387 385 177 11.0
B.3.9 464 101 329 497 365 364 181 11.3
B.3.10 507 111 309 467 365 364 181 12.7

B.4.1 543 106 289 437 387 385 170 13.0
B.4.3 513 100 273 413 438 437 160 12.3
B.4.4 505 99 307 465 387 385 168 12.1
B.4.5 492 96 299 453 411 409 164 11.8
B.4.7 461 90 327 495 387 385 169 10.8
B.4.9 472 92 335 506 365 364 173 11.0
B.4.10 517 101 315 475 365 364 172 12.4

B.5.1 670 277 418 387 385 184 20.8
B.5.3 633 261 395 438 437 173 19.6
B.5.4 628 296 448 387 385 180 18.6
B.5.7 575 316 478 387 385 180 16.4
B.5.9 589 324 489 365 364 184 16.8
B.5.10 643 303 458 365 364 184 19.0

B.6.1 488 181 287 434 387 385 171 15.0
B.6.2a 475 176 280 423 411 409 176 14.6
B.6.2b 475 176 280 423 411 409 176 14.6
B.6.3a 460 171 271 410 438 437 161 14.1
B.6.3b 460 171 271 410 438 437 161 14.1
B.6.4 455 169 307 464 387 385 168 13.7
B.6.5s 444 165 299 451 411 409 165 13.3
B.6.7s 416 154 327 494 387 385 154 12.0
B.6.9 425 158 334 505 365 364 172 12.2
B.6.10 466 173 314 474 365 364 172 14.0
B.6.10s 466 173 314 474 365 364 172 14.0

B.7.1 475 172 280 423 387 385 184 15.4
B.7.10 454 164 306 462 365 364 184 14.7

B.8.1 490 159 289 437 387 385 167 15.5
B.8.2 478 155 281 425 411 409 163 15.1
B.8.3 463 150 273 412 438 437 158 14.6
B.8.4 458 149 308 466 387 385 165 14.4
B.8.9 428 139 337 509 365 364 168 13.2
B.8.10 468 152 315 477 365 364 168 14.8

B.12.1 360 312 297 449 387 385 163 6.4
B.12.10 343 297 323 489 365 364 164 6.1

B.13.1 289 376 298 451 387 385 161 5.1
B.13.10 276 358 325 491 365 364 163 4.8

B.14.1 420 250 298 450 387 385 159 8.3
B.14.10 400 239 324 490 365 364 160 8.2

B.15.1 351 314 299 453 387 385 157 7.3
B.15.10 335 300 326 493 365 364 159 7.0
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described in Ref. [26]. The adequate values were those that fulfilled the flow
requirements expressed as the relative spread area (Gm) and relative flow velocity
(Rm). The admissible interval for Gm was between 5.3 and 5.9, corresponding to a
slump-flow diameter (Dm) between 251 and 263 mm. The admissible interval for
Rm was between 1.14 and 1.30 s�1, which corresponds to a v-funnel flow time (t)
between 7.69 and 8.77 s.

The tests for the evaluation of the fresh properties of concrete were divided in
two main parts, namely, the indirect evaluation of the rheological properties and
the evaluation of self-compactability properties. The achievement of adequate
rheological properties of concrete was considered a necessary condition, but not
a sufficient one, to ensure the self-compactability. Accordingly, concretes that fulfil
the required rheological properties are not necessarily self-compactable concretes.
Additionally, the evaluation of the flow properties of concrete has also the purpose
of test the adequacy of the flow properties of mortar previously defined.

The rheological properties were evaluated indirectly by the slump-flow and
v-funnel tests. The test equipment and the experimental procedure for slump-flow
test was the one described by RILEM TC 174-SCC [39], which is similar to NP EN
12350-8:2010 [40]. Also, the test equipment and experimental procedure for
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v-funnel test was that described by RILEM TC 174-SCC [41], which is similar to NP
EN 12350-9:2010 [42]. All the concretes should have a relative spread area (Gc)
between 8 and 11.25, corresponding to slump-flow diameter (Dm) from 600 to
700 mm and, simultaneously, a relative flow velocity (Rc) between 0.5 and
1.0 s�1, corresponding to v-funnel time (t) from 10 to 20 s. The relative spread area
(Gc) and the relative flow velocity (Rc) are given by Eqs. (1) and (2), respectively,
where (Dm) stands for the average spread diameter in mm, (D0) stands for the ini-
tial diameter at the base of the cone in mm and (t) stands for the v-funnel time in
seconds.

Gc ¼ Dm
D0

� �2

� 1 ð1Þ

Rc ¼ 10
t

ð2Þ

The evaluation of self-compactability was accessed by the L-box test and
Box test. These tests implicitly evaluate the rheological properties but, at the same
time, reflect other workability properties of SCC, including the filling ability, resis-
tance to segregation and the passing ability. Box-test device appeared as a modifi-
cation of the U-box test with a more severe flowing resistance due to the angular
shape on the base. The measured parameters in the L-box test were the passing
ratio H2/H1 and the T40 (time that the concrete front takes to reach 400 mm apart
from obstacles), using the test equipment and experimental procedure described by
RILEM TC 174-SCC [43], which is similar to NP EN 12350-10:2010 [44]. In the
Box test, only the filling height (H) was measured using the test equipment and
experimental procedure of RILEM TC 174-SCC [45].

2.3.3. Hardened properties
For the mortar mixtures that met the flow requirements, 4 cubic specimens of

50 mm side were moulded. After moulding, all samples were protected by plastic
sheeting to prevent premature loss of water during 24 h and then cured in water
at 20 ± 2 �C. At 28-days age, saturated surface dry density and the compressive
strength was measured. For each one of the 60 produced concretes, 6 cubic speci-
mens of 150 mm side were moulded, protected by plastic sheeting during 24 h
and then cured in water at 20 ± 2 �C. At 7-days age, compressive strength (fc,7)
was measured and at 28-days age, saturated surface dry density (dc,28) and com-
pressive strength (fc,28) were measured.
3. Test results and discussion

3.1. Fresh properties

The study of the mortar phase was described in Ref. [26]. The
most significant results obtained in mortars with binary blends
of powders under identical flow properties are summarised here.
The particle size distribution of fine aggregates remained constant
and was represented by the proposed reference curve. It was
shown that a close coordination between the proposed mix design
parameters (mixture of powders, Vp/Vs, Vw/Vp and Sp/p%) is
needed to obtain simultaneously the required workability and
compressive strength. To ensure the desired rheological properties,
all parameters of the mixture are crucial. However, to ensure the
attainment of a particular W/C ratio, which leads to a certain com-
pressive strength, the variation on the SP dosage (Sp/p%) is less
important. The viscosity is controlled primarily by the dosage of
powders and by W/C ratio, while the yield stress is controlled
mainly by the SP. If in a given mixture the SP is replaced by
another, the Vw/Vp ratio will not vary significantly. This means
that the proposed methodology is not restricted to the type of SP
studied. For this reason, the ratios Vw/Vp and Sp/p% have to be
experimentally confirmed to assess the correct dosage of SP. In last
years the authors have found reductions of about 30–50% for the
same polycarboxylate-based superplasticizer as it was improved
by the suppliers, and this has showed not to produce any change
in the methodology used, since the SP dosage is determined exper-
imental in the mortar phase. Additionally, in binary mixes, it was
found that the correlation between the W/C ratio and the percent-
age of cement replacement by the addition depends on the Vp/vs.
This fact led to the conclusion that, once the powder materials
(cement and addition) have been selected and the Vp/Vs has been
decided, it would be feasible to estimate the percentage of cement
to be replaced by the addition that leads to a specified W/C ratio.
This has enabled the definition of a simple methodology for the
mix design of the mortar phase in binary blends of powder to
obtain both the adequate rheological properties and the required
W/C ratio.

The study on concrete phase is discussed in this paper. For con-
venience, fresh and hardened properties of concretes are presented
in Table 3. The hardened properties will be discussed on Sec-
tion 3.2. Concerning to the fresh properties, Fig. 2 shows the values
of Gc and Rc obtained in all mixtures. From the analysis of Fig. 2 it
was concluded that the rheological properties defined for the mor-
tar phase were suitable for obtaining the desired rheological prop-
erties in concrete phase. For the observed correspondence, the
absence of segregation in the slump-flow test and the absence of
blocking in the v-funnel test in all mixtures had greatly contrib-
uted. Segregation was evaluated visually by observing concrete
behaviour in slump-flow, v-funnel and L-box test. The results
showed that the correlation between the rheological properties
of mortars and concretes needed be evaluated under similar test
conditions, i.e., by their respective slump-flow and v-funnel tests,
and in the absence of segregation and blocking. The correspon-
dence between the rheological properties of mortars and concretes
occurred regardless of the values of Vp/Vs and Vm/Vg. This means
that the fresh concrete fulfilled the first functional requirement
relating to the rheology, less restrictive, but nevertheless essential.
The self-compactability requirements, considered to be more
restrictive, were the second functional requirement and, in this
case, Vp/Vs and Vm/Vg had a more significant importance.

In the evaluation of SCC in the fresh state, the T50 (time that
flow takes to reach the 500 mm mark in the slump-flow test)
and T40 (in L-box) parameters have been suggested as an alterna-
tive to the measurement of v-funnel flow time (t). The relationship
between the parameters t, T50 and T40, or between them and the
plastic viscosity of concrete, is complex. It has been reported that
the parameters t, T50 and T40 are affected by the slump-flow
and, therefore, should only be correlated to the viscosity under a
constant slump-flow [46]. Moreover, the measurement of the
parameters t, T50 or T40 is performed in different devices with dif-
ferent restriction to flow, which may lead to differences in the
interaction between the aggregate particles and influence the cor-
relations between these parameters. Fig. 3 shows the relationship
between the flow times measured in the v-funnel test (t) and in
the slump-flow test (T50), while Fig. 4 shows the relationship
between the flow times measured in the v-funnel test (t) and in
the L-box test (T40). The results have shown a very weak correla-
tion between the parameters t and T50, and some improvement
when parameter t was correlated with the T40. A first explanation
for the weak correlation coefficient between the analysed parame-
ters was attributed to the fact that correlations had included mix-
tures with different amounts of coarse aggregates, leading to
different degrees of interaction between particles in different
forms of testing. It was concluded that the T50 and T40 parameters
should not replace the v-funnel test in the mix design stage. Even-
tually, for the quality control of production on site, the T50 or T40
parameters may replaces the v-funnel test to detect variations in
the mix proportions.

The L-box test and Box test were used in the analysis of the
functional requirement of self-compactability and the correspond-
ing parameters H2/H1 and H. In both trials, no blocking or visible
segregation phenomena were observed for all the mixtures. Under
these conditions, it can be assumed that different concrete
mixtures, with different rheological parameters within the target
set, may lead to the same self-compactability parameter, either
in the L-Box test or in the Box test. Consequently, self-compactabil-
ity parameters cannot be analysed independently of the rheologi-
cal properties. In the present study it was observed that the



Table 3
Fresh and hardened properties of SCC.

Id. MN Fresh properties of concrete Hardened properties of concrete

Slump-flow V-funnel L-box Box Density Compressive strength

T50 (s) Dm (mm) Gc t (s) Rc (s�1) T40 (s) H2/H1 H (mm) dc,28 (kg/m3) fc,7 (MPa) fc,28 (MPa)

B.2.1 1.92 1.35 695 11.08 11.27 0.89 3.22 0.90 327 2384 49.5(0.7) 63.7(0.4)
B.2.2 1.76 2.01 670 10.22 11.14 0.90 4.96 0.84 325 2430 49.8(0.9) 66.3(0.1)
B.2.3 1.60 2.36 625 8.77 10.39 0.96 5.16 0.79 323 2406 50.6(0.4) 64.8(0.3)
B.2.4 1.68 2.63 620 8.61 11.84 0.84 5.69 0.81 323 2374 45.7(0.8) 60.4(0.5)
B.2.5 1.54 2.71 630 8.92 13.15 0.76 6.90 0.78 323 2418 46.2(0.4) 60.0(1.4)
B.2.6A 1.40 4.31 600 8.00 18.53 0.54 8.50 0.64 316 2416 47.2(0.5) 59.9(1.2)
B.2.6B 1.40 3.60 630 8.92 14.95 0.67 8.56 0.71 320 2418 46.6(0.5) 58.0(0.6)
B.2.7 1.44 2.81 645 9.40 10.25 0.98 5.29 0.73 318 2360 40.1(0.9) 50.5(0.7)
B.2.8 1.32 3.61 625 8.77 13.03 0.77 8.08 0.62 315 2402 38.7(1.0) 49.9(0.6)
B.2.9 1.56 2.71 610 8.30 9.91 1.01 4.56 0.74 318 2384 38.2(2.1) 50.9(1.7)
B.2.10 1.82 3.17 645 9.40 9.15 1.09 4.52 0.86 325 2402 46.1(0.1) 60.3(0.7)

B.3.1 1.92 2.72 660 9.89 10.96 0.91 4.59 0.85 329 2394 47.6(2.0) 59.7(1.1)
B.3.2 1.76 3.64 635 9.08 14.03 0.71 5.05 0.81 323 2414 47.8(1.1) 59.7(1.0)
B.3.3 1.60 3.41 630 8.92 15.49 0.65 7.63 0.77 320 2420 47.8(1.5) 58.5(1.1)
B.3.4 1.68 2.55 630 8.92 11.45 0.87 5.18 0.81 325 2386 41.7(1.4) 53.0(0.3)
B.3.5 1.54 3.56 655 9.73 12.47 0.80 5.27 0.81 322 2388 43.7(1.0) 52.9(0.5)
B.3.6 1.40 2.95 635 9.08 16.13 0.62 5.85 0.73 320 2398 43.8(0.8) 53.3(0.5)
B.3.7 1.44 2.76 615 8.46 11.27 0.89 6.49 0.67 317 2394 36.5(2.1) 45.7(1.2)
B.3.9 1.56 2.86 605 8.15 10.06 0.99 5.16 0.73 319 2357 35.8(1.1) 44.6(1.0)
B.3.10 1.82 2.76 640 9.24 10.12 0.99 4.03 0.85 323 2382 42.7(0.2) 54.3(1.0)

B.4.1 1.92 2.25 650 9.56 9.98 1.00 3.93 0.84 323 2394 54.1(1.3) 69.1(0.7)
B.4.3 1.60 3.12 615 8.46 12.65 0.79 5.52 0.77 320 2406 55.9(0.4) 67.5(1.3)
B.4.4 1.68 2.31 625 8.77 9.73 1.03 4.06 0.80 319 2382 49.6(0.3) 63.1(1.0)
B.4.5 1.54 3.06 635 9.08 10.97 0.91 4.97 0.77 319 2400 50.4(0.7) 64.8(1.0)
B.4.7 1.44 2.43 625 8.77 11.59 0.86 5.52 0.70 315 2382 44.1(0.2) 59.6(1.5)
B.4.9 1.56 2.55 630 8.92 10.29 0.97 4.09 0.77 322 2376 43.0(0.9) 56.8(0.3)
B.4.10 1.82 3.28 640 9.24 11.62 0.86 4.23 0.83 324 2396 50.4(0.4) 63.6(1.1)

B.5.1 1.92 3.13 620 8.61 10.38 0.96 4.74 0.81 320 2404 74.5(2.2) 85.0(2.4)
B.5.3 1.60 3.40 635 9.08 13.24 0.76 5.26 0.79 324 2416 76.2(0.1) 86.8(1.8)
B.5.4 1.68 3.54 615 8.46 11.57 0.86 5.27 0.77 321 2400 70.8(2.6) 82.9(1.0)
B.5.7 1.44 2.97 645 9.40 13.25 0.75 5.24 0.75 317 2406 67.7(0.5) 77.8(1.0)
B.5.9 1.56 3.25 640 9.24 10.63 0.94 4.39 0.75 317 2384 65.3(0.9) 76.8(0.1)
B.5.10 1.82 3.82 630 8.92 9.94 1.01 4.89 0.86 325 2390 72.3(2.5) 81.9(1.0)

B.6.1 1.92 3.08 620 8.61 12.51 0.80 4.91 0.81 322 2416 66.8(0.3) 78.4(0.5)
B.6.2A 1.76 3.24 635 9.08 12.96 0.77 4.99 0.83 325 2414 69.9(1.0) 77.4(1.6)
B.6.2B 1.76 3.34 645 9.40 11.67 0.86 4.36 0.84 325 2416 68.1(0.4) 79.2(0.6)
B.6.3A 1.60 3.70 675 10.39 11.04 0.91 5.24 0.88 328 2436 69.2(0.7) 78.7(1.4)
B.6.3B 1.60 4.05 645 9.40 14.05 0.71 5.51 0.83 325 2430 67.0(1.2) 77.9(1.4)
B.6.4 1.68 3.29 630 8.92 14.93 0.67 6.71 0.80 323 2402 63.6(3.3) 74.7(2.1)
B.6.5S 1.54 4.02 685 10.73 16.52 0.61 6.91 0.89 328 2445 68.9(0.8) 79.3(1.1)
B.6.7S 1.44 4.06 680 10.56 14.76 0.68 6.10 0.80 324 2428 59.7(0.4) 70.7(1.7)
B.6.9 1.56 3.45 650 9.56 12.70 0.79 5.31 0.83 325 2396 57.2(0.3) 66.8(1.3)
B.6.10 1.82 3.43 640 9.24 11.25 0.89 3.69 0.84 324 2392 63.9(2.1) 72.1(1.0)
B.6.10S 1.82 3.80 700 11.25 10.06 0.99 4.32 0.93 329 2430 67.8(0.9) 77.8(0.8)

B.7.1 1.92 3.22 630 8.92 12.52 0.80 5.03 0.82 324 2390 63.1(0.9) 74.1(0.3)
B.7.10 1.82 3.27 670 10.22 11.38 0.88 4.23 0.92 327 2374 59.4(0.1) 70.5(0.9)

B.8.1 1.92 4.07 655 9.73 10.51 0.95 4.42 0.84 327 2388 65.4(0.1) 80.3(1.2)
B.8.2 1.76 3.77 630 8.92 12.35 0.81 5.30 0.79 322 2378 62.8(0.4) 79.2(1.0)
B.8.3 1.60 3.80 645 9.40 13.30 0.75 6.17 0.80 325 2408 63.9(2.5) 78.2(2.8)
B.8.4 1.68 3.28 640 9.24 10.82 0.92 5.23 0.83 326 2384 62.2(1.7) 74.5(0.3)
B.8.9 1.56 3.34 655 9.73 11.33 0.88 3.98 0.82 326 2374 57.3(0.9) 69.9(1.6)
B.8.10 1.82 3.20 635 9.08 10.09 0.99 5.65 0.83 327 2388 62.5(1.0) 75.7(0.4)

B.12.1 1.92 4.20 620 8.61 14.93 0.67 5.82 0.77 319 2416 60.5(0.5) 69.1(0.7)
B.12.10 1.82 4.31 650 9.56 12.61 0.79 5.40 0.80 322 2398 54.1(0.4) 62.8(0.1)

B.13.1 1.92 3.40 660 9.89 10.99 0.91 4.20 0.85 324 2394 47.4(1.5) 54.3(1.1)
B.13.10 1.82 3.21 655 9.73 11.99 0.83 4.94 0.85 326 2394 42.7(0.5) 51.3(0.4)

B.14.1 1.92 3.30 640 9.24 12.18 0.82 6.40 0.86 322 2392 40.9(0.6) 50.9(1.1)
B.14.10 1.82 3.36 655 9.73 11.79 0.85 5.07 0.85 324 2376 37.6(0.1) 46.7(0.8)

B.15.1 1.92 3.46 670 10.22 10.41 0.96 5.38 0.88 327 2370 33.5(0.2) 42.5(0.5)
B.15.10 1.82 3.76 650 9.56 11.27 0.89 4.79 0.86 323 2357 29.6(0.4) 38.3(0.8)

The number between brackets signify the corresponding standard deviation.
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parameters of self-compactability were more affected by the flow
spread diameter (Dm), while the variation of flow time in v-funnel
test (t) had a minor effect. The lowest influence of the v-funnel
time was probably due to the fact that proper viscosity was
ensured by the range of the volume of powders and the W/C ratios
used.

Fig. 5 shows the variation of H2/H1 with Dm, while Fig. 6 shows
the variations of H with Dm. It was observed that, in the absence of



Fig. 2. Target limit and registered values of Gc and Rc.

Fig. 3. Flow time t in v-funnel versus T50 in slump-flow.

Fig. 4. Flow time t in v-funnel versus T40 in L-box.

Fig. 5. H2/H1 in L-box test versus Dm in slump-flow test.

Fig. 6. H in Box test versus Dm in slump-flow test.
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blocking, the descent of the concrete in the L-box test and the fill-
ing height in the Box test strongly depends on the flowability of
concrete (slump-flow), and hence, self-compactability (passing
ability) could only be compared between mixtures with the same
slump-flow. For higher values of MN, the correlation between
Dm and H has showed less sensitivity on the evaluation of the dif-
ferent levels of self-compactability (passing ability), compared to
the correlation with H2/H1 parameter. To that extent, it may be
assumed that, after a certain amount of reduction of aggregates,
the Box test becomes less sensitive compared to the L-box test.
To evaluate the influence of the mix design parameters in the
self-compactability properties it was then necessary to isolate
the resulting influence of rheological properties. In view of the
adopted methodology, the only way to achieve this goal was by
establishing a relationship between mix design parameters, the
rheological parameters (filling ability) and the self-compactability
parameters (passing ability). This analysis was performed sepa-
rately for the L-box and Box tests.

In the L-box test, the parameters used for analysis were H2/H1,
Dm and MN. To study the combined effects of these variables,
multi-variable regression analysis has been carried out to derive
the best-fit curve. The best-fit curve is shown graphically alongside
the test points in Fig. 7 and is expressed by Eq. (3). In Eq. (3), the
constants a, b and c have assumed the following values: a = 2.189,
b = �0.0997 and c = �673.283. A high R2 value of 0.90 has been
achieved, indicating that the H2/H1 is highly related to MN and Dm.

H2
H1

� �
¼ aþ b� MN

lnðMNÞ þ
c

Dm
ð3Þ

In the Box test, the parameters used for analysis were the H, Dm
and MN. The best-fit curve is shown graphically alongside the test
points in Fig. 8 and is expressed by Eq. (4). In Eq. (4), the constants
a, b and c have assumed the following values: a = 370.4, b = �4.07
and c = �2160665. A much lower R2 value of 0.68 was achieved in
comparison to that obtained for the L-box test, most likely due to
the difficulty in reflecting the loss of sensitivity previous mentioned.

H ¼ aþ b� ðMNÞ
lnðMNÞ þ c � lnðDmÞ

Dm2 ð4Þ

The MN represents the product of Vp/Vs by Vm/Vg and shown
to be highly related with the total volume of aggregates (Fig. 9).
For constant values of Vp/Vs and Vm/Vg, the volume of the paste



Fig. 7. Best-fit curve for H2/H1 as a function of Dm and MN.
Fig. 9. MN versus total volume of aggregates.

90 M.C.S. Nepomuceno et al. / Construction and Building Materials 64 (2014) 82–94
was almost constant. In that situation, changes in fresh properties
of SCC were primarily due to changes in the composition of the
paste. On the other hand, when using the same paste and different
values of MN, the changes in the fresh properties of SCC occurred
as a result of the simultaneous change of the volume of paste
and proportions between the fine and coarse aggregates.

There is a broad consensus that a target filling height (H) in the
Box or U-box tests higher or equal to 300 mm is adequate to ensure
the adequate self-compactability. In the L-box test, concrete is usu-
ally considered self-compactable when H2/H1 is higher or equal to
0.80. It should be noted that all concretes produced in this study
complied with the criteria set for the Box test, while only a part
of them fulfilled the criteria set for the L-box test. Thus, it was con-
cluded that the requirement for the L-box test (H2/H1 P 0.80) is
more restrictive than that imposed for the Box test (H P 300 mm).
In other words, a concrete can be considered self-compactable
according to the criteria set for the Box test, and not be considered
as self-compactable if the criteria for L-box test is used. In general,
each of these test devices is associated with a particular procedure
for the mix design of SCC and, therefore, has been used separately.
Fig. 10 shows the relationship between the H2/H1 and H values
recorded during the experimental programme, which shows a
probable correlation of linear type. If this correlation is established
using the H2/H1 and the H determined based on Eqs. (3) and (4),
respectively, it significantly improved (Fig. 11). However, such a
better correlation can hide the fact that the equation for the
Box test has a low correlation coefficient. For the aforementioned
reasons, the methodology for the mix design of SCC was mainly
focused on the L-box test. The previously presented Eq. (3) can
be written as a function of MN. Being an indeterminate equation,
the software was again used to express MN as a function of Dm
Fig. 8. Best-fit curve for H as a function of Dm and MN.
and H2/H1, based on the values that led to Eq. (3). This procedure
led to Eq. (5) with the same R2 of 0.90 and with the constants a, b, c,
d, e, f and g being the following values: a = 1.2214, b = �1.3605, c =
1.3099, d = �0.001758, e = �1.0184, f = 1.0855 and g = �0.001524.
Being MN the product of Vp/Vs by Vm/Vg, Eq. (5) can be expressed
in order to Vm/Vg as shown in Eq. (6).

MN ¼
aþ b� H2

H1

� �
þ c � H2

H1

� �2 þ d� ðDmÞ
1þ e� H2

H1

� �
þ f � H2

H1

� �2 þ g � ðDmÞ
ð5Þ
Vm
Vg

� �
¼ 1

Vp
Vs

� �� aþ b� H2
H1

� �
þ c � H2

H1

� �2 þ d� Dmð Þ
1þ e� H2

H1

� �
þ f � H2

H1

� �2 þ g � ðDmÞ
ð6Þ

Eq. (3) for the L-box test has enabled to isolate the effect of
flowability (Dm) in the relationship between the mix design
parameter (MN) and the self-compactability parameter (H2/H1).
Using Eq. (3), it was found that under constant conditions of flow-
ability (Dm), the self-compactability, represented by the parameter
H2/H1 in L-box, depends on the combination between the absolute
volume of fine aggregate in the mortar (Vs/Vm) and the absolute
volume of coarse aggregates in concrete, being the last expressed
by Vg, Vm/Vg or Vap. This behaviour is shown in Fig. 12 for a con-
stant Dm of 650 mm. It was observed that, when the volume of
coarse aggregate in concrete mixtures increased, and consequently
the volume of mortar decreased, compensation in the mortar phase
was needed to keep the same level of self-compactability, by
means of an increase in the ratio between the volume of paste
and the volume of fine aggregate. Fig. 13 expresses the values of
H2/H1 obtained by Eq. (3) as a function of equivalent parameters
Vs/Vm and Vap used in general method, and assuming a constant
Fig. 10. H2/H1 versus H based on registered values.



Fig. 11. H2/H1 versus H based on best-fit curves. Fig. 13. Comparison to the general method.

Fig. 14. Total volume of powders versus H2/H1.
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Dm of 650 mm. When observed the pair of values 50% of Vap and
Vs/Vm of 0.40 proposed in the general method for a successful SCC,
it was concluded that more than a single value that checks the self-
compactability parameter (H2/H1 P 0.80), it is possible to find a
region of concretes that check this same parameter. Fig. 14 shows
the influence of the total volume of powders in the self-compacta-
bility (H2/H1) for a constant Dm of 650 mm. A convergence was
observed between the correlations for the cement CEM II/B-
L32.5N and the cement CEM I 42.5 R for a volume of powders of
approximately 0.210 m3. It was also found that this limit value
(Vp = 0.210 m3) is independent of flowability (Dm), since it hap-
pened for other values of Dm from 600 to 700 mm, not shown in
the figure. This means that from a value of Vp of 0.210 m3, the
self-compactability stops to depend on the type of cement and
starts to depend solely on the total volume of powders. On the
other hand, the volume of powder includes various binary combi-
nations between cements and additions, and this appears to be less
relevant to self-compactability than the total volume of powders
for a Vp larger than 0.210 m3.

The binary mixtures with granite filler showed the highest aver-
age consumption of water, similar to the reference mixtures with
cement only, while the binary mixtures with limestone powder
and fly ash have shown lower and similar water consumptions.
The dosage of the mixing water per cubic metre of SCC was in
the range of 159 to 175 l when were used binary mixtures of
cement (CEM I 42.5R or CEM II/B-L32.5N) with fly ash or limestone
powder. The dosage of the mixing water per cubic metre of SCC
was in the range of 169 to 187 l when were used cement-only
mixtures or binary mixtures of cement (CEM I 42.5R or CEM II/B-
L32.5N) with granite filler. The grading curve of the granite filler
is close to that obtained for the fly ash and the specific surface fits
the mean values obtained for the fly ash and limestone powder
Fig. 12. Vs/Vm versus H2/H1 for different Vm/Vg.
[26]. So, one can just speculate that the greatest need for water
in mixtures with granite filler was due to particle shape. Vieira
[47] have analysed images obtained by scanning electron micros-
copy (MEV) for granite filler of similar origin to that used in this
work and found large dimensional variability and little regular
particle shape. When cement pastes with additions of fly ash, lime-
stone powder and granite filler were compared, the mixtures with
granite filler has always showed the highest retained water ratio
ßp, i.e., it requires more water to start flow [47]. The retained water
ratio ßp, can be thought of as comprising the water adsorbed on
the powder surface together with that required to fill the voids
in the powder system and to provide sufficient dispersal of the par-
ticles for flow to be about to commence [48].
3.2. Hardened properties

The discussion concerning the hardened properties of the
mortar phase was presented in Ref. [26]. It was shown that the
compressive strength of the mortar phase varied from 25 to
95 MPa and that exist a general correlation between the compres-
sive strength of mortar and the W/C ratio (in mass) for each type of
cement used, independent of the type and amount of the additions.
Furthermore, it was observed a correlation between the compres-
sive strength of mortar and Vp/Vs for each binary blend of
powders. This study had shown that, for a certain cement and addi-
tion previously selected, it is possible to establish a relationship
between the W/C ratio and the percentage of cement replacement
by the addition. However, it was clear that such a relationship
depends strongly on the Vp/Vs parameter defined for the mortar
phase.



Fig. 15. Compressive strength versus W/C ratio in mass.

Fig. 16. Compressive strength at 7 and 28 days age.

Fig. 17. Compressive strength of mortars and concretes.
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The results obtained in concrete phase are summarised in
Table 3. The 28-days compressive strength of SCC was between
32 and 88 MPa. Fig. 15 shows the correlations between the 28-days
compressive strength of SCC and the W/C ratio (in mass) for the
two types of cement used. As for the mortar phase, such correla-
tions are independent of the type and amount of the additions.
Due to the methodology used, the W/C ratio of the SCC mix is
the same as its mortar phase, and this correlation can be used to
find the W/C ratio that leads to a certain SCC compressive strength,
and can also help on decision about the type of cement to be used.
Correlations between the 28-days compressive strength of SCC and
the water/cementitious materials (W/CM) ratio showed slightly
higher R2 value to those obtained in the correlations with the
W/C ratio. However, the correlations with the W/C ratio provide
sufficient precision for initial studies of the mix design and can
be more easily generalised, since it does not depend on the per-
centage of cement replacement by additions. For this reason, the
correlations with the W/C ratio were taken into account in formu-
lating the mix design methodology proposed in this paper, in con-
trast with the correlations with the W/CM ratio. The correlations
between the compressive strength of SCC at 7 and 28 days age
are presented in Fig. 16, showing a marked difference in the early
age strength between the two types of cement. Fig. 17 shows the
correlation between the 28-day compressive strength of mortars
(fm,28) and concretes (fc,28). The concrete strength (fc,28)
increased with the mortar strength (fm,28) at a gradually decreas-
ing rate. For fm,28 up to about 75 MPa the concrete was stronger
than its matrix. The opposite was observed for fm,28 higher than
75 MPa, showing the influence of the aggregates.
3.3. Proposed methodology

The proposed methodology can be assumed as a step by step
process, including the selection of the materials, studies in mortars
and studies in concrete. The procedure considers the volumetric
composition of the mix, with subsequent conversion to propor-
tions by weight for batching.

The selection of materials starts on decision about the type of
powder materials to be used. The type of cement could be selected
taking into account the level of compressive strength to achieve on
hardened concrete using the correlations presented in Fig. 15,
while the type of addition will depend mostly on its local availabil-
ity. Preferably, a modified polycarboxylate based superplasticizer
should be selected. The fine aggregates should comply with the ref-
erence grading curve proposed on Ref. [26], thus it is preferable to
select two different fine aggregates with fineness modulus above
and below that for the reference curve, to enable the determination
of the proportions of such aggregates. The same procedure should
be used for the coarse aggregates to achieve the reference curve
proposed in Fig. 1.

The studies in mortars imply a decision on the mix design
parameters to be used, such as the combination of powder materi-
als, Vp/Vs, Vw/Vp and Sp/p%. After have selected the type of
cement and the level of strength, the W/C ratio is obtained by using
Fig. 15. The percentage of cement replacement by the selected
addition is determined based on correlations presented in Ref.
[26] as a function of the W/C ratio and the Vp/Vs value. For a start,
a Vp/Vs value of 0.80 can be used. To decide on what values of Vw/
Vp and Sp/p% to be used, general correlations were presented on
Ref. [26], taking in mind that these values have to be adjusted by
the experimental procedure described on Ref. [26] to obtain the
adequate rheological properties of the mortar phase.

The studies on concrete phase imply the decision on the volume
of voids (Vv) and the Vm/Vg. The Vv assumes a constant value of
0.03 m3/m3 (without air entraining admixtures) and the Vm/Vg is
determined by Eq. (6) proposed in this paper as a function of the
Vp/Vs, Dm and H2/H1.

Finally, trial mixtures can be produced and corrections of the
mixture are admissible to fit all the requirements. The experience
will dictate the best procedure. As a general rule, if only the water
content (W) is increased, Rc and Gc values will increase simulta-
neously. Unlike, if only the Sp is increased, the Gc value will
increase and the Rc value will experience a little or no increase.
In both cases, increase of W or Sp, the H2/H1 value will probably
increase, but caution has to be taken to avoid segregation. If the
fc,28 value is not achieved, changes in the powder mixture or in
Vp/Vs value have to be considered and all the process of mix design
restarted.
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4. Conclusions

A methodology for the first approach on mix design of SCC was
presented. The methodology was based on simple procedures and
assumes the SCC as a two phase material, the mortar phase and the
coarse aggregates. Since the mortar phase properties were previ-
ously studied, the main achievement of this research was to eval-
uate the interaction between the coarse aggregates and the mortar
phase and to define the maximum dosage of the coarse aggregates
to be used.

Concerning the main achievement on this article, the following
conclusions can be drawn:

(1) It was observed that the rheological properties defined for
the mortar phase were suitable for obtaining the desired
rheological properties in concrete phase. The results showed
that the correlation between the rheological properties of
mortars and concretes should be evaluated under similar
test conditions, i.e., by their respective slump-flow and
v-funnel tests, and in the absence of segregation in the
slump-flow test and the absence of blocking in the v-funnel
test.

(2) The results have shown a very weak correlation when com-
paring parameters t and T50. Better results were obtained
when parameter t was correlated with the T40. It was clear
that the T50 and T40 parameters should not replace the
v-funnel flow time (t) in the mix design stage. Eventually,
for the quality control of production on site, the T50 or
T40 parameters might replaces the v-funnel test to detect
variations in the mix proportions.

(3) Self-compactability parameters (H2/H1 or H) cannot be
analysed independently from the rheological properties of
concrete. It was observed that the parameters of self-compac-
tability were more affected by the slump-flow (Dm), while
the variation of v-funnel flow time (t) had a minor effect.
The lowest influence of the v-funnel time was probably due
to the fact that proper viscosity was ensured by the range of
the volume of powders and the W/C ratios that were used.

(4) To evaluate self-compactability (passing ability), the
Box test is less sensitive than the L-box test. The require-
ment for the L-box test (H2/H1 P 0.80) is more restrictive
than that imposed for the Box test (H P 300 mm). A con-
crete can be considered self-compactable according to the
criteria set for the Box test, and not be considered as self-
compactable if the criteria for L-box test is used.

(5) Under constant conditions of flowability (Dm), the self-com-
pactability, represented by the passing ability parameter H2/
H1 in L-box, depends on the combination between the abso-
lute volume of fine aggregate in the mortar (Vs/Vm) and the
absolute volume of coarse aggregates in concrete (Vg). When
Vg is increased, and consequently the volume of mortar
decreases, compensation is needed in the mortar phase to
keep the same level of self-compactability, by means of an
increase in the ratio between the volume of paste and the
volume of fine aggregate.

(6) A convergence was observed in the correlations between
H2/H1 and the volume of powders (Vp) for the cements
CEM II/B-L32.5N and CEM I 42.5 R, when Vp reached
0.210 m3. This limit value is independent of the flowability
(Dm), since it happened for other values of Dm from 600
to 700 mm. This means that from a value of Vp of
0.210 m3, the self-compactability stops to depend on the
type of cement and starts to depend solely on the total vol-
ume of powders. The volume of powder includes various
binary blends of cements and additions, and this appears
to be less relevant to self-compactability than the total vol-
ume of powders if Vp is higher than 0.210 m3.
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