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The volume of coarse aggregates (Vg) in self-compacting concrete (SCC) is usually conditioned to the
passing ability (PA) in an L-box test. Some mix design methods use the three bar test results in L-box
for proportioning SCC. However, in real structures, gaps can differ from those of L-box. By increasing
the gaps, the Vg value can be increased and, consequently, the mortar phase volume can be decreased.
In this study, the model proposed by Nepomuceno et al. (2014) to quantify the Vg value was modified
to allow the introduction of an additional parameter that takes account for different gaps. Four SCC
mixtures with different Vg values and the same mortar phase were produced and the PA value measured
in the L-box test for different sizes of gaps: R1 (34 mm), R2 (64 mm), R3 (94 mm) and R4 (no restrictions).
The results showed that for less demanding gaps it is possible to increase the Vg value of SCC and comply
with the PA value in L-box test (H2/H1P 0.80).

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The optimization of self-compacting concrete mixtures aims at
the reduction of the paste volume and, consequently, the reduction
of the production cost. After the general method proposed in the
early 90s by Okamura et al. [1], many other research works were
carried out, aiming the production of more efficient mixes [2,3].
In general, the optimization process is focused on the constitution
of the powders, paste volume, characteristics and proportions of
fine and coarse aggregates. In this optimization process, the
concrete proportions are determined to meet, among others, the
requirements in the fresh state in terms of flow capacity (slump-
flow), fluidity (v-funnel) and passing ability (U-box, Box test or
L-box) [3].
To evaluate the passing ability (U-box, Box or L-box), the spaces
between steel bars (restrictions) are very close to the minimum
spacing between reinforcing bars, as specified in structural codes
(Eurocode 2, for instance). Therefore, the concrete can theoretically
be applied in any situation of reinforcement layout. Another
optimization perspective is related to the possibility of adjusting
the SCC mixture for specific situations less restrictive. In this
perspective some methodologies included different restriction
conditions when testing the passing ability of SCC.

General rules and recommendations using different flow
restrictions were firstly presented by the Japan Society of Civil
Engineers (JSCE) in 1998, as described by Nawa et al. [2] and
Domone [3], in where passing ability requirements for the
Box test for reinforced concrete structures with different gaps
and different reinforcement ratios were proposed. In Europe, one
of the first attempts to optimize SCC mixtures for different flow
restrictions emerge with the CBI method proposed by Peterson
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Fig. 1. Grading and resultant curves of fine and coarse aggregates.
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et al. [4,5] and Van Bui et al. [6], followed by the proposal of the
LCPC developed by Sedran Larrard [7].

The EFNARC specification and guidelines for SCC [8], published
in 2002, provided indicative typical ranges of proportions and
quantities for initial composition, allowing a coarse aggregate’s
volume content per cubic meter (Vg) of 0.28–0.35 m3. Such a
volume of 0.35 m3 for coarse aggregates can probably only be
achieved for lower restrictions than the typical 34 mm distance
between steel bars used in L-box test, if H2/H1 index is 0.80 or
higher [9].

Yahia et al. [10] have used a statistical design approach to eval-
uate the effect of supplementary cementitious materials (SCM),
coarse aggregates volume (Vg) and clear spacing between rein-
forcement (Cr) on flow properties of SCC. The modelled region
includes mixtures with SCM content of 425–525 kg per cubic
meter, Vg of 0.27–0.33 m3 per cubic meter and Cr of 30–52 mm.
A crushed limestone coarse aggregate with a nominal size of
14 mm was used. They have found that the flow rate of SCC in
the presence of reinforcement is dominated by the content of
SCM and by Cr. The established models indicate that flowability
performance of SCC in restricted spacing improves with the
increase in SCM and Cr.

In a research done in the framework of the European project
‘‘Testing SCC”-GRD2-2000-30024, which led to standard EN
12350-10, Sonebi et al. [9] have also used a statistical model to
evaluate the influence of three key parameters of mixture compo-
sition on flow properties of SCC. Key parameters included the
dosages of water, the dosage of a high-range water-reducing
admixture (HRWRA) and the volume of coarse aggregates (Vg).
Some of the responses of the derived statistical models included
the flow capacity (slump-flow), fluidity (v-funnel) and the passing
ability (L-box). Water dosage varied from 188 to 208 L, HRWRA
varied from 3.8 to 5.8 kg and Vg from 0.22 to 0.36 m3, per cubic
meter. Three rib bars were used in the L-box test with a gap of
34 mm. The derived models showed that the dosages of water
and HRWRA, and the volume of coarse aggregates (Vg) significantly
influenced the L-box ratio.

In this context, when establishing the additional rules for SCC,
the NP EN 206-9:2010 [11] defines two levels of passing ability
in the L-box test: PL1 with H2/H1 index equal or higher than
0.80 using two steel bars and PL2 with H2/H1 index equal or higher
than 0.80 using three steel bars.

The European Guidelines for SCC [12], published in 2005, have
established the mix design principles based in general recommen-
dations, instead of proposing 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.

More recently, Nepomuceno et al. [13–16] have presented a
methodology for the mix design of SCC using different mineral
additions in binary blends of powders. This is being used with suc-
cess in many research works, which attest its validity to different
types of materials [17–21]. Such methodology optimizes the mix
proportions of SCC by correlating the mix design parameters
(mix proportions), flow capacity (slump-flow), fluidity (v-funnel),
passing ability (L-box) and concrete compressive strength. In such
methodology the passing ability is evaluated for a high restriction
level in the L-box, corresponding to a gap of 34 mm between steel
bars. Under less restricting conditions (higher gaps) concrete will
also be self-compacting. However, in the perspective of the opti-
mization of concrete mixtures, the level of self-compactability
should be specifically suitable for the reinforced concrete structure
under analysis. In this respect, it is considered that the opportunity
for optimization of such methodology proposed by Nepomuceno
et al. [14,15] still exists, and designing demands for specific appli-
cations where flow restrictions are known can also be set by it.
The optimization of SCC, as defined in this article, aims at
increasing the volume of coarse aggregates in the mixture in situa-
tions of less restriction to the flow, thereby enabling a reduction in
the total volume of the mortar phase, and consequently the reduc-
tion of the volumes of powder materials and admixtures and, over-
all, the reduction of cost production. The model itself can be very
useful to optimize SCC mixtures to comply with the requirements
of the NP EN 206-9:2010 [11] and has the advantage to be incorpo-
rated in the methodology for the mix design of SCC.
2. Materials and methods

2.1. Materials

For the production of self-compacting concrete the following materials were
selected: one Portland cement type CEM I 42.5R in accordance with NP EN 197-1
[22] with a density of 3140 kg/m3 and a fineness value (Blaine) of 3848 cm2/g; a
limestone powder with a density of 2720 kg/m3 and a fineness value (laser particle
analyser Coulter LS200) of 5088 cm2/g; a polycarboxylate-based superplasticizer
with a density of 1050 kg/m3; a fine aggregate from natural origin (Sand 0/2) with
a density of 2640 kg/m3 and a fineness modulus of 1.96; a fine aggregate from nat-
ural origin (Sand 0/4) with a density of 2610 kg/m3 and a fineness modulus of 2.82;
a coarse aggregate from crushed granite (CA 3/6) with a density of 2710 kg/m3 and
a fineness modulus of 5.31 and, finally, a coarse aggregate from crushed granite
(CA 6/15) with a density of 2700 kg/m3, a fineness modulus of 6.39 and maximum
dimension of 19.1 mm.

The proportion between the two sands was determined using the reference
curve for the fine aggregates proposed by Nepomuceno et al. [14], resulting in
35% for Sand 0/2 and 65% for Sand 0/4, in percentage of the absolute volume of total
fine aggregate (Vs). The obtained mixture presented a fineness modulus of 2.52. The
proportion between the two coarse aggregates was determined using the reference
curve for the coarse aggregates proposed by Nepomuceno et al. [15], resulting in
55% for CA 3/6 and 45% for CA 6/15, in percentage of the absolute volume of total
coarse aggregate (Vg). The obtained mixture presents a fineness modulus of 5.79.
The grading curves of fine and coarse aggregates and the resulting curves are pre-
sented in Fig. 1.

2.2. Mix proportions

The mix proportions of SCC were defined based on the methodology proposed
by Nepomuceno et al. [14,15], which assumes the SCC as a two phase material,
the mortar phase and the coarse aggregates. The methodology starts by the study
of the mortar phase of SCC and, subsequently, the coarse aggregate’s volume is esti-
mated to comply with the desirable requirements of flow capacity (slump-flow),
fluidity (v-funnel) and passing ability (L-box) for restriction R1 (34 mm).

The designing of the mortar phase includes the definition of the unit volume
percentage of each powder material in the total volume of the blend of powder
materials (Vp), unit volume percentage of each fine aggregate in the total volume
of fine aggregates (Vs), Vp/Vs (ratio in absolute volume between powder materials
and fine aggregates), Vw/Vp (ratio in absolute volume between water and powder
materials) and Sp/p% (ratio in percentage between the amounts in mass of super-
plasticizer and powder materials). The volume of voids when calculating mortars
and the contribution towards volume of powder materials originating from fine
aggregates were both overlooked.



Table 2
Mix proportions and relevant parameters of the concretes.

Dosages per cubic meter of concrete: SCC 1 SCC 2 SCC 3 SCC 4

Cement [kg] 290 287 283 279
Limestone powder [kg] 377 373 368 362
Sand 0/2 [kg] 267 264 260 256
Sand 0/4 [kg] 490 484 478 471
CA 3/6 [kg] 425 438 452 466
CA 6/15 [kg] 347 357 368 380
Water [L] 162 160 158 155
Superplasticizer [L] 2.42 2.39 2.35 2.32

Relevant parameters:

Powder materiala 40% Cement, 60% Addition
W/C; Vp/Vs; Vw/Vp; Sp/p% 0.56; 0.80; 0.70; 0.38
Vm/Vg 2.400 2.300 2.200 2.100
Vm [m3] 0.685 0.676 0.667 0.657
Vg [m3] 0.285 0.294 0.303 0.313
Vv [m3] 0.030 0.030 0.030 0.030
MN = Vp/Vs � Vm/Vg 1.92 1.84 1.76 1.68

a Proportions in absolute volume.
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Considering the type of cement used (CEM I 42.5R) and the desired average
concrete compressive strength (55 MPa), a water/cement ratio (W/C) of 0.57
(by weight) was estimated. The Vp/Vs parameter was fixed at 0.80, and based on
the W/C ratio and in the type of cement and mineral addition used, a percentage
of cement replacement by the addition of 60% (by volume) was estimated. The
parameters Vw/Vp and Sp/p% were determined experimentally by using the process
described by Nepomuceno et al. [14], thereby obtaining the values of Vw/Vp equal
to 0.70 and Sp/p% equal to 0.38. As a result of the experimental adjustment, the W/C
ratio decreased slightly from the initially planned 0.57 to 0.56. The obtained mortar
mix proportions and the relevant parameters are presented in Table 1.

The average value of mortar compressive strength, measured at 28 days age, in
six 40 mm cube samples, was of 50.47 MPa, presenting a standard deviation of
1.28 MPa. In view of the values obtained, and by using the correlation between
the compressive strength of the mortar and the concrete presented by Nepomuceno
et al. [14], the mortar should lead to a concrete with average compressive strength
of 55.40 MPa, even if the parameter Vm/Vg (ratio in absolute volume between the
mortar and the coarse aggregates) vary from 2.00 to 2.60.

Subsequently, four SCC mixtures were designed, differing in the amounts of
coarse aggregates (Vm/Vg of 2.10, 2.20, 2.30 and 2.40), but having similar compres-
sive strength (55 ± 2 MPa) and similar flow properties (slump-flow diameter and
v-funnel time). The volume of voids (Vv) when calculating SCC concretes was
assumed to be of 3%. The mix proportions of the four different concretes and its
relevant parameters are shown in Table 2.

2.3. Experimental program

The experimental program started with the adequacy of L-box test for different
restriction, R1 (34 mm), R2 (64 mm), R3 (94 mm) and R4 (no restriction). The
dimensions of the L-box were the same used by Nepomuceno et al. [15] and the
details of the restrictions are illustrated in Fig. 2. The test equipment and experi-
mental procedure for L-box test was the one described by RILEM TC 174-SCC
[23], which is similar to NP EN 12350-10:2010 [24].

To evaluate the influence in the passing ability (H2/H1), each of the four con-
crete mixtures produced was tested in the L-box four times, one for each restriction
(R1, R2, R3 and R4), making a total of 16 samples. Each time a concrete was tested in
the L-box, the slump-flow diameter (Dm) was previously measured, while the
v-funnel time (t) was measured only once for each of the four different concretes
produced. The dimensions of the slump-flow cone and v-funnel were the same used
in the methodology proposed by Nepomuceno et al. [15]. The test equipment and
the experimental procedure for slump-flow test was the one described by RILEM
TC 174-SCC [25], which is similar to NP EN 12350-8:2010 [26]. Also, the test equip-
ment and experimental procedure for v-funnel test was that described by RILEM TC
174-SCC [27], which is similar to NP EN 12350-9:2010 [28].

The experimental results concerning to the concrete fresh properties are shown
in Table 3, while Table 4 presents the results of the density and compressive
strength at 28 days, based on a sample of three cubic specimens of 150 mm side
for each type of concrete. The average compressive strength of the four concretes
produced was 55.64 MPa and the individual results are within the expected range
of 55 ± 2 MPa, such as projected in mortar phase tests.
3. Test results and discussion

3.1. Fresh properties

Ideally, for this study, it would be desirable that all the 16 mea-
surements of flow capacity had presented exactly the same slump-
flow diameter (Dm), since this affects the passing ability in the
L-box (H2/H1). In the absence of blocking effects, the descent of
the concrete in the L-box test strongly depends on the flow
capacity of concrete (slump-flow), and hence, self-compactability
Table 1
Mix proportions and relevant parameters of the mortar.

Dosages per cubic meter of
mortar:

Relevant parameters of the mortar:

Cement [kg] 424 Powder
materiala

40% Cement, 60%
Addition

Limestone powder
[kg]

551 Vp/Vs 0.338/0.422 = 0.80

Sand 0/2 [kg] 390 W/C 236.5/424.3 = 0.56
Sand 0/4 [kg] 716 Vw/Vp 0.236/0.338 = 0.70
Water [L] 237 Sp/p% 3.707/975.6 � 100 = 0.38
Superplasticizer [L] 3.53

a Proportions in absolute volume.
(passing ability) could only be compared between mixtures with
the same slump-flow [15]. To that extent, it was necessary to
investigate how this effect would be minimized. The answer was
found by means of the analysis made by Nepomuceno et al. [15],
which correlate the H2/H1 parameter in the L-box with spread
diameter (Dm) for each value of MN, as illustrated in Fig. 3. The val-
ues presented in Fig. 3 can be regarded as representative of SCC
mixtures, since they were obtained for 60 different concretes.
The straight lines were grouped by the parameter MN (Mixture
Number), which represents the product of Vp/Vs by Vm/Vg.

The parameter MN has a good and linear correlation to the total
volume of aggregates and, indirectly, to the total volume of paste in
concrete [15]. It means that mixtures with the same MN have
approximately the same volume of paste. The parameter MN was
proposed by Nepomuceno et al. [15] and used to balance the ratios
Vp/Vs and Vm/Vg. For example, for a constant value of MN, if the
Vp/Vs ratio of the mortar phase decreases (by decreasing the vol-
ume of powders and increasing the volume of sand), the ratio
Vm/Vg has to be increased (by increasing the volume of the mortar
phase and decreasing the volume of coarse aggregates). This equi-
librium has proved to be relevant for the mix design of SCC [15].

Fig. 3 shows that the slopes of the various straight lines that
correlate Dm and H2/H1 are quite similar. This means that once
known a point on the graph, i.e., a pair of values Dm and H2/H1
experimentally obtained, it is possible to construct the linear equa-
tion passing through that point and thereby estimating H2/H1 to
other values of Dm. In this study the average slope of the lines
shown in Fig. 3 were calculated, corresponding to 0.001675. Thus,
the straight line equation is given by Eq. (1) that is presented
below, where ‘‘c” is a constant which assumes different values
for each pair of Dm and H2/H1 experimentally obtained. The values
of the constant ‘‘c” for each of the sixteen concrete mixtures tested
are presented in Table 5.
H2
H1

� �
R1

¼ 0:001675� Dmþ c ð1Þ

A slump-flow diameter of 650 mm was used as reference to
equalize all mixtures with regard to flow capacity since it corre-
sponds to the average value of experimental measurements. Any-
way, as pointed out by Domone [29], who evaluated 68 case
studies published during the first decade of significant use of
SCC, from 1993 to 2003, nearly 90% of the applications presented
values of slump flow spread in the range 600–750 mm, with nearly
50% in the range 650–700 mm.



Fig. 2. Restrictions adopted in the L-box test.

Table 3
Fresh properties of SCC mixtures.

Concrete MN Flow capacity
(slump-flow)

Fluidity (v-
funnel)

Passing ability (L-box)

Dm
[mm]

Gc t [s] Rc
[s�1]

H2/H1

R1 R2 R3 R4

SCC 1 1.92 656 9.74 12.66 0.79 0.83
665 10.04 0.78
667 10.11 0.90
609 8.26 0.77

SCC 2 1.84 705 11.43 13.70 0.73 0.88
677 10.46 0.80
695 11.08 0.91
705 11.43 0.85

SCC 3 1.76 637 9.13 11.25 0.89 0.80
665 10.06 0.77
660 9.89 0.83
616 8.47 0.78

SCC 4 1.68 697 11.13 13.16 0.76 0.92
613 8.39 0.71
608 8.23 0.77
623 8.70 0.71

Table 4
Hardened properties of SCC mixtures.

Concrete MN Average density Compressive strength

[kg/m3] Mean [MPa] Sd [MPa] Cv [%]

SCC 1 1.92 2347 57.01 1.42 2.5
SCC 2 1.84 2313 53.33 0.77 1.5
SCC 3 1.76 2343 56.24 1.60 2.8
SCC 4 1.68 2335 55.96 0.78 1.4

Fig. 3. Correlation between H2/H1 and Dm as function of MN [15].

Table 5
Values of H2/H1 index for Dm equal to 650 mm.

Restriction Dm H2/H1 MN c H2/H1 (Dm = 650 mm)

R1 (34 mm) 664.5 0.784 1.92 �0.3288 0.760 Mean value 0.758
677.0 0.804 1.84 �0.3296 0.759
665.0 0.767 1.76 �0.3466 0.742
613.0 0.708 1.68 �0.3190 0.770

R2 (64 mm) 608.5 0.770 1.92 �0.2490 0.839 Mean value 0.800
705.0 0.853 1.84 �0.3280 0.761
615.5 0.780 1.76 �0.2507 0.838
623.0 0.714 1.68 �0.3290 0.760

R3 (94 mm) 666.5 0.900 1.92 �0.2161 0.872 Mean value 0.841
695.0 0.913 1.84 �0.2508 0.838
660.0 0.827 1.76 �0.2787 0.810
607.5 0.772 1.68 �0.2451 0.843

R4 (200 mm) 655.5 0.833 1.92 �0.2647 0.824 Mean value 0.822
705.0 0.882 1.84 �0.2989 0.790
636.5 0.804 1.76 �0.2618 0.827
696.5 0.923 1.68 �0.2433 0.845
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Table 5 shows the pair of Dm and H2/H1 values which were
experimentally measured, the MN parameter, the constant ‘‘c”,
the estimated values of H2/H1 assuming a spread diameter of
650 mm and the mean value of H2/H1 for each restriction (R1 to
R4). Since Vp/Vs was assumed to be constant (0.80), a higher value
of MN corresponds to a higher value of Vm/Vg, and therefore, to a
smaller absolute volume of coarse aggregate (Vg).

The results presented in Table 5 could be considered rather
scarce for a more accurate conclusion concerning the effect that
the variation of the parameter MN produces in the relationship
between the passing ability (H2/H1) and the free spacing between
steel bars. To that extent, an analysis in average terms was per-
formed, regardless of MN value. The obtained mean values pre-
sented in Fig. 4, showing an increasing trend in the passing
ability (H2/H1) as free space between steel bars increases from
R1 to R3, and then nearly stabilized. However, a small reduction
in the passing ability (H2/H1) was observed in Fig. 4 when passing
from restriction R3 (94 mm) to R4 (no restriction). It can be spec-
ulated that the results are within the variation associated to the
repeatability of the test method. In fact, the NP EN 12350-
10:2010 [24] presents a repeatability for the passing ability index
of 0.11 for H2/H1P 0.8 and 0.13 for H2/H1 < 0.8.

In view of the previous observation, it was decided to assume
that the value of H2/H1 to adopt for R3 restriction should corre-
spond to the lowest value obtained for the two restrictions R3
and R4 (more conservative). Based on this assumption, the conver-
sion factors were calculated, which are shown in Table 6. The con-
version factors were used to convert the value of H2/H1 obtained
in restrictions R2 and R3 to a corresponding value H2/H1 in the
restriction R1.



Fig. 4. Values of H2/H1 as a function of free space between steel bars.

Table 6
Conversion factors for different restrictions.

Conversion factors Equations

FC1 = 1.000 (H2/H1)R1 = FC1 � (H2/H1)R1
FC2 = 0.951 (H2/H1)R1 = FC2 � (H2/H1)R2
FC3 = 0.923 (H2/H1)R1 = FC3 � (H2/H1)R3

Table 8
Mix proportions and relevant parameters for different concrete restrictions.

Dosages para 1 m3 Restriction R1 Restriction R2 Restriction R3

CA 3/6 [kg] 441 486 503
CA 6/15 [kg] 359 396 410
Sand 0/2 [kg] 263 251 247
Sand 0/4 [kg] 483 461 453
CEM I/42.5R [kg] 286 273 268
Limestone powder [kg] 372 355 349
Water [L] 159 152 150
Superplasticizer [L] 2.38 2.27 2.23

Relevant parameters:
Vm [m3] 0.674 0.644 0.633
Vg [m3] 0.296 0.326 0.337

M.C.S. Nepomuceno et al. / Construction and Building Materials 113 (2016) 851–856 855
3.2. Modification of the model proposed by Nepomuceno et al.

Nepomuceno et al. [15] have proposed a mathematical model to
correlate the parameters MN, Dm and H2/H1, being the last mea-
sured in the L-box using the restriction R1 (34 mm). That model
is analytically expressed by Eq. (2) with a R2 of 0.90, where the
constants a, b, c, d, e, f and g assume 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. In the methodology proposed by
Nepomuceno et al. [15], the MN is expressed by Eq. (3).

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
ð2Þ

MN ¼ Vp
Vs

� �
� Vm

Vg

� �
ð3Þ

Consequently, Eq. (2) can be expressed in order to Vm/Vg as
shown in Eq. (4), were the constants a, b, c, d, e, f and g assume
the same values as in Eq. (2).

Vm
Vg

� �
R1

¼ 1
Vp
Vs

� �� aþ b� H2
H1

� �
R1 þ c� H2

H1

� �2
R1 þ d� ðDmÞ

1þ e� H2
H1

� �
R1 þ f � H2

H1

� �2
R1 þ g� ðDmÞ

ð4Þ

In the present study it was assumed that the conversion factors
presented in Table 6 satisfactorily reflects the effect of the different
restrictions in the passing ability (H2/H1), in the absence of block-
ing and dynamic segregation of the concrete. Consequently, Eq. (4)
can be written for R2 and R3 restriction levels, respectively, by
Eqs. (5) and (6) where the constants a, b, c, d, e, f and g assume
the same values as in Eq. (2).
Table 7
Functional requirements for self-compactability.

Mix design parameters

Structural conditions Free space between bars, in mm
Dmáx of aggregate, in mm

Fresh concrete V-funnel test: t in seconds
Slump-flow test: Dm in mm
L-box test: H2/H1
Vm
Vg

� �
R2

¼ 1
Vp
Vs

� �� aþb� FC2
H2
H1

� �
R2 þ c� FC2 � H2

H1

� �
R2

� �2 þ d� ðDmÞ
1þ e� FC2

H2
H1

� �
R2 þ f � FC2 � H2

H1

� �
R2

� �2 þ g� ðDmÞ
ð5Þ

Vm
Vg

� �
R3

¼ 1
Vp
Vs

� �� aþb� FC3
H2
H1

� �
R3 þ c� FC3 � H2

H1

� �
R3

� �2 þ d� ðDmÞ
1þ e� FC3

H2
H1

� �
R3 þ f � FC3 � H2

H1

� �
R3

� �2 þ g� ðDmÞ
ð6Þ

Table 7 summarizes the proposed methodology, setting conser-
vative ranges for restrictions R1 (34–63 mm), R2 (64–93 mm) and
R3 (P94 mm). For example, if a reinforced concrete structure has a
reinforcement gap between 34 and 63 mm, the mix design should
be performed for restriction R1 (34 mm, L-box with 3 bars). If it has
a reinforcement gap between 64 and 93 mm, the mix design
should be performed for restriction R2 (64 mm, L-box with 2 bars).
Finally, if it has a reinforcement gap higher or equal to 94 mm, the
mix design should be performed for restriction R3 (94 mm, L-box
with 1 bar).

3.3. Evaluation of the proposed model

Table 8 shows the results of applying the proposed method in
the study of a concrete for three restrictions (R1, R2 and R3). The
three concrete mixtures have in common the same materials, the
same compressive strength and the same workability properties
for the respective restrictions. It can be observed that Vg increases
10.1% and Vm reduces 4.5% when changing from restriction R1 to
R2. When changing from restriction R1 to R3, Vg increases 13.9%
and Vm reduces 6.1%, making possible a reduction per cubic meter
of approximately 18 kg of cement, 23 kg of limestone filler and
0.15 L of superplasticizer.

Table 9 presents the self-compactability requirements estab-
lished by the JSCE [2]. By comparing JSCE requirements with those
proposed in the present study it can be observed that the main
differences lie in structural conditions and the form to obtain the
volume of coarse aggregates. The JSCE methodology defines the
admissible interval of variation of the volume of coarse aggregates
for each level of self-compactability. In the present study, the
volume of coarse aggregates is estimated from the knowledge on
Level of self-compactability

R1 R2 R3

34 a 63 64 a 93 P94
19.1 19.1 19.1

10 a 20 10 a 20 10 a 20
600 a 700 600 a 700 600 a 700
P0.80 Obst. R1 P0.80 Obst. R2 P0.80 Obst. R3



Table 9
Functional requirements for self-compactability by JSCE [2].

Level of self-compactability 1 2 3

Structural conditions Free space between bars, in mm 35 a 60 60 a 200 P200
Density of reinforcements, in kg/m3 P350 100 a 350 6100

Box test: H in mm P300 Obst. R1 P300 Obst. R2 P300 Obst. R3
Slump-flow test: Dm in mm 600–700 600–700 500–650
Segregation resistance V-funnel: t in seconds 9 a 20 7 a 13 4 a 11

Slump-flow: T50 s 5 a 20 3 a 15 3 a 15
Volume of coarse aggregate: Vg in m3/m3 0.28–0.30 0.30–0.33 0.32–0.35
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the mortar phase proportions between powders and fine aggre-
gates (Vp/Vs), desirable flow capacity (Dm) and desirable passing
ability (H2/H1) for the respective restrictions R1, R2 or R3 selected
in accordance to the distance between steel bars.

Despite the differences in the test equipment to evaluate the
passing ability (Box or L-box) there is some similarity in the results
obtained by JSCE and in the present study. The coarse aggregates
volumes (Vg) shown in Table 8 for restrictions R1 (0.296 m3), R2
(0.326 m3) and R3 (0.337 m3) obtained in the present study fall
within the ranges proposed by the JSCE (Table 9) for the three
restriction levels, respectively, R1 (0.28–0.30 m3), R2 (0.30–
0.33 m3) and R3 (0.32–0.35 m3).

4. Conclusions

An experimental program was presented aiming to evaluate the
possibility to optimize the methodology for the mix design of SCC
proposed by Nepomuceno et al. [14,15], namely by increasing the
volume fraction of coarse aggregates in mixtures under lower flow
restrictions. This model can also be used in other methods, either
to estimate the Vm/Vg ratio when the Vp/Vs ratio of the mortar
phase is known, either to estimate the H2/H1 values for different
flow restrictions based on the conversion factors presented in this
study. Concerning the main achievement in this article, the follow-
ing conclusions can be drawn:

(1) For reinforced concrete structures with less demanding
restrictions, corresponding to larger distances between steel
bars, it is possible to optimize self-compacting concrete
proportions by increasing coarse aggregate’s volume fraction
without losing passing ability.

(2) An increase in the volume fraction of coarse aggregate leads
to a reduction of the mortar volume and, consequently, to a
reduction of the volume of powder material and admixtures,
which constitute the most expensive components of a self-
compacting concrete mixture.

(3) The model proposed by Nepomuceno et al. (2014) to quan-
tify the Vg was modified to allow the introduction of an
additional parameter that takes account for different gaps.
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