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ABSTRACT

In order to study the effect of sand ratio (S/A ratio, fine aggregate
volume/total aggregate volume) on the elastic modulus of self-com-
pacting concrete (SCC), concretes with various S/A ratios were cast
and tested.  Elastic moduli of SCC were compared with those of
normal concrete.  Slump flow test, slump test, and box test were
carried out to evaluate concrete flowability.  The flowability of SCC
increases with an increase in S/A ratio.  However, the elastic modulus
of SCC is not significantly affected by S/A ratio when total aggregate
volume is kept constant.

INTRODUCTION

Self-compacting concrete was developed in Japan
in the early 1990s.  Okamura [1] pointed out that SCC
can flow into any corner and pass through the spacing of
reinforcement without vibrating.  The major advantages
of SCC over conventional concrete are: high mobility,
high resistance to segregation and no need of vibration.
Okamura and Ozawa [2] also pointed out that in SCC
mixes not only the coarse aggregate content might be
limited but also the pozzolans and superplasticizer might
be used to prevent segregation and increase flowability.
Yurugi et al. [3] reported that the coarse aggregate
content has significant effect on the filling capacity of
concrete.  The coarse aggregate volume of SCC was
suggested to be about 50% of the solid volume (about
0.28 to 0.33 m3/m3) by Okamura [1], which was lower
than that for normal concrete mixes (>0.35 m3/m3).

Hirsch [4] pointed out that elastic modulus of
cement paste is influenced by the water/cement ratio
and age.  The empirical elastic moduli of concretes with

different aggregates were also discussed and an equa-
tion for estimating concrete elastic modulus was derived.
Based on the individual elastic modulus and volume
fraction of the components, Hashin and Shtrikman [5]
proposed the variational principle to obtain bounds of
elastic moduli of composite materials.  Mori and Tanaka
[6] applied the average concept to analyze macroscopic
properties of composite materials.  In addition, the
shape effect of inclusions was introduced in Eshelby’s
[7] method to asses the properties of composite materials.
Yang and Huang proposed the single inclusion model
[8] and double inclusion model [9] for approximating
elastic modulus of concrete by employing both Mori-
Tanaka theory and Eshelby’s method.

For achieving the flowability requirements of SCC,
slump test, slump flow test, and box test were carried
out in this study.  The elastic moduli of cement paste and
concrete were obtained to evaluate the influence of S/A
ratio on the elastic modulus of concrete.

EXPERIMENTAL  PROGRAM

In this study, concrete was considered as a com-
posite material in which fine aggregate and coarse ag-
gregate were embedded in a matrix of cement paste.  In
order to study the effect of S/A ratio on the elastic
modulus and flowability of cement-based material, vari-
ous S/A ratios were considered in the concrete mixes.

Cement Paste (Matrix)

Cement paste specimens were made of ASTM
Type I Portland cement (specific gravity: 3.15), slag
(specific gravity: 2.2), fly ash (specific gravity: 1.66),
and water.  Superplasticizer was adjusted to keep re-
quired slump and slump flow.  The surface of the
specimens was smoothed and covered by wet burlap.
After demolding, the cylindrical specimens (φ 100 ×
200 mm) were cured in water (23°C) until the time of
testing.  The elastic moduli of the specimens were
measured according to ASTM Test Method for Static
Modulus of Elasticity and Poisson’s Ratio of Concrete
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in Compression (C469-94) [10].

Concrete (Composite)

Concrete specimens were made of ASTM Type I
Portland cement, slag, fly ash, superplasticizer, water,
fine aggregate, and coarse aggregate.  Natural sand
(specific gravity: 2.63) was used as fine aggregate and
crushed limestone (specific gravity: 2.60) with a maxi-
mum size of 10 mm was used as coarse aggregate.  Six
different S/A ratios (S/A = 0.3, 0.4, 0.45, 0.475, 0.5, 0.
525, and 0.55) were considered in the mix proportions.
The aggregate volume fraction was 0.6 for all mixes.
The concrete mix design is given in Table 1.  The water/
binder ratio was 0.4.  Concrete cylinders (φ 100 × 200

mm) were cast and cured.  The elastic moduli and
compressive strengths of the specimens were measured
according to ASTM C469-94 [10] and ASTM C39-81
[11]. The compressive strength used as a property index
is presented in Fig. 1.

Measurements and Procedures

Slump flow test, slump test, and box test were
carried out to evaluate concrete flowability.  The work-
ability of concrete was indicated by the slump of the
material measured in a slump test according to ASTM
C143.  Slump flow test was used to determine the ability
of the concrete to deform in non-restricted condition.  A
normal slump cone was used and the mold was filled
with concrete.  The mold was then lifted away vertically
and the final diameter was measured.  Once the concrete
had stopped flowing, it had to be checked to determine
any separation effects.  No bleeding should occur and
the larger aggregates had to be distributed evenly.  In the
box test as shown in Fig. 2, fresh concrete was poured in
chamber A and then after the partition was lifted up it
passed through the rebar spacing into chamber B.  The
rheological properties were measured by the filling
height (hb) in chamber B.  Experimental results of
slump, slump flow, and filling height are tabulated in
Table 2.

RESULTS  AND  DISCUSSION

Fresh Concrete

To examine passability of concrete, box test was
carried out.  According to the suggestion of Japan
Society of Civil Engineering (JSCE) [12], the filling
height of concrete exceeding 300 mm is recommended
as SCC.   The slump and filling height (hb) of all mixes
with various S/A ratios are shown in Fig. 3.  Except for
Mix A, the slumps (between 25 cm and 26.5 cm) are

Fig. 1.  Compressive strength of concrete.

Table 1.  Mix proportions of concrete

Mix Water Sp Cement Fly Ash Slag Fine Aggregate Coarse Aggregate S/A
No. (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (%)

P 482 15.0 746 149 348 0 0 —
A 185 6.2 286 57 133 481 1110 30.0
B 185 5.9 286 57 133 641 951 40.0
C 185 6.5 286 57 133 722 872 45.0
D 185 5.7 286 57 133 762 832 47.5
E 185 6.3 286 57 133 802 793 50.0
F 185 5.8 286 57 133 842 753 52.5
G 185 7.0 286 57 133 882 713 55.0
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almost the same for the concrete mixes.  But the filling
height increases with an increase in the S/A ratio.  In
order to describe the flowability of SCC, not only the
slump test but also the box test are performed.  The
filling height of box test and slump flow vs. S/A curves
are shown in Fig. 4.  It appears when S/A is higher than
0.475, the concrete can pass the box test.  And the filling
height and slump flow increase with an increase in the
S/A ratio.  Particle packing characteristics may play a
significant role on the concrete flowability.  According
to the test results in Fig. 4 and the suggestion of Japan

Society of Civil Engineering (JSCE) [12], the S/A ratio
for SCC is suggested to be 0.475.

Hardened Concrete

The mineralogical composition of aggregate af-
fects its elastic modulus, which in turn influence the
elastic modulus of harden concrete.  Many researchers
(Hirch [4], Mehta and Monteiro [13]) have investigated
the elastic modulus of aggregate.  The single-inclusion
model based on Mori-Tanaka Theory and Eshelby’s
Method in which the stress disturbance due to inhomo-
geneities under the applied compressive stress.  In the
previous work, the overall average elastic modulus
tensor of cement-based materials  c  was given by [8]

Fig. 2.  Schematic diagram of box test.

Table 2.  Test results of fresh concrete

Mix S/A Coarse Aggregate Fine Aggregate Slump Slump Flow Filling Height
No. (%) Volume (m3/ m3) Volume (m3/ m3) (mm) (mm) hb (mm)

A 30.0 0.42 0.18 195 350 25
B 40.0 0.36 0.24 250 510 200
C 45.0 0.33 0.27 255 540 255
D 47.5 0.32 0.28 260 550 320
E 50.0 0.30 0.30 260 570 340
F 52.5 0.28 0.32 265 610 340
G 55.0 0.27 0.33 265 650 340

Fig. 3.  Filling height and slump vs. S/A ratio.
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  c = {c–1 + f [{(1 – f) (c* – c) s – f (c – c*) + c}– 1]
– 1

(c – c*) c– 1}
– 1

,

(1)

where c  and  c *  are the elastic modulus tensor of matrix
and inclusion, respectively.  f is the volume fraction of
inclusion.  s is the Eshelby’s tensor (see Appendix).

In the previous work [8], two types of single-
inclusion cement-based materials were used.  One was
cement past with river sand (fine aggregate) and the
other was cement paste with crushed stone (coarse
aggregate).  The aggregate volume ratio (aggregate
volume/concrete volume) of 58% was used.  Three
different water/cement ratios (w/c = 0.26, 0.3, and 0.34)

were selected.  The elastic moduli of cement paste and
cement-based materials were measured according to the
specifications of ASTM C469-81 and presented in Table
3.  Notation for the specimens is such that the first letter
indicates two different aggregates S and R, and the
second number 1, 2, and 3 indicates three different w/c
ratios 0.26, 0.30, and 0.34, respectively.  Equation (1)
was used to calculate the elastic moduli of the fine
aggregate and coarse aggregate using the single-inclu-
sion model and experimental results.

The double-inclusion method is applied to calcu-
late the equivalent elastic modulus of concrete.  The
inclusions are divided into two groups: fine aggregate
and coarse aggregate.  The overall elastic moduli of the
concrete composite materials,  C , are given as

   C = (C – 1 + f 1α + f 1β)
– 1

, (2)

where α  and β are the computed parameters [9], f1 and
f2 are the volume ratio of fine aggregate and coarse
aggregate, respectively.

In the theoretical approach, the elastic moduli of
cement paste and aggregate were used as listed in Table
3.  The volume ratios of fine aggregate and coarse
aggregate were obtained from Table 1.  The elastic
modulus of SCC was calculated from eqn. (2).  Figure 5
shows the relationship between concrete elastic modu-
lus and S/A ratio.  The experimental results are also
illustrated in Fig. 5.  Since the elastic moduli of fine
aggregate and coarse aggregate are not much different
and the total volume of aggregate is constant, the calcu-
lated and experimental concrete elastic moduli are al-
most the same.  In this study, when the total volume of
aggregate is kept constant, the concrete elastic moduli
are not significantly influenced by the S/A ratios.

Elastic Modulus and Filling Height

The concrete elastic modulus and the filling height

Fig. 4.  Filling height and slump flow vs. S/A ratio.

Table 3.  Elastic moduli of cement paste, mortar, and fine aggregate (GPa)

Designation Cement Paste Cement Based Materials Aggregate

S1 24.91 31.09 36.63
S2 21.43 29.08 36.38
S3 18.71 27.50 36.97

Average = 36.73

R1 24.91 31.09 36.51
R2 21.43 29.17 36.78
R3 18.71 27.73 37.55

Average = 36.95
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Fig. 5.  Concrete elastic modulus vs. S/A ratio.

Fig. 6.  Concrete elastic modulus and filling height vs. S/A ratio.

vs. S/A curves are shown in Fig. 6.  The corresponding
theoretical results are also illustrated in Fig. 6.  The
graph correlates the S/A ratio with the elastic modulus
of the concrete for various elastic modulus ratios of fine
aggregate and coarse aggregate (  E fa Eca

E fa Eca
, elastic modu-

lus of fine aggregate/elastic modulus of coarse
aggregate).   It appears that the filling height of box test
sharply increases form 2.5 cm to 32 cm as the S/A ratio
increases from 30% to 47.5%.  From the experimental
results, the elastic modulus of concrete is not signifi-
cantly affected when the S/A ratio increases.  When
(elastic modulus of fine aggregate) is 2 times of   (elastic
modulus of coarse aggregate), the elastic modulus of
concrete increases from 28.00 GPa to 29.66 Gpa when
the S/A ratio increases from 30% to 47.5%.  When Efa is
half of Eca, the elastic modulus of concrete decreases
from 22.54 Gpa to 21.00 Gpa when the S/A ratio in-
creases from 30% to 47.5%.  It shows that elastic
modulus of concrete is influenced by the elastic proper-
ties and the volume fraction of aggregate.

CONCLUSIONS

The S/A ratio is an important material parameter
of SCC and the rheological properties increase with an
increase in the S/A ratio.  Within the scope of this study,
the proper S/A ratio for SCC is suggested to be 47.5%.

The elastic modulus of concrete is influenced mainly by
the elastic properties of matrix, fine aggregate and
coarse aggregate.  However, when the elastic moduli of
fine aggregate and coarse aggregate are not much differ-
ent and the total volume of aggregate is constant, the
elastic modulus of SCC is not significantly affected by
S/A ratio.
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APPENDIX

Eshelby’s tensor s for sphere inclusion is listed
below [14]

S111 = S222 = S333 =   7 – 5ν
15(1 – ν)

.

S1122 = S2233 = S3311 = S2211 = S3322 =   5ν – 1
15(1 – ν)

.

S1212 = S2323 = S3131 =   4 – 5ν
15(1 – ν)

.
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