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Size Effect on Plastic Deformation Behavior of

Plain and Confined Concretes under Compression
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The purpose of the present study is to examine the effect of the specimen size and
the aggregate size on the inelastic stress-strain behavior of both plain and confined
concrete. The following statements can be drawn from the study.

1) It can be concluded that the behavior of the microconcrete in which the maximum
size of coarse aggregate is reduced in proportion to the size of specimen may be more
ductile than the concrete in actual structural members.

2) The behavior of confined concrete becomes more brittle with increasing size of

specimen regardless of the spacing of hoops.

1. INTRODUCTION

Small scaled specimens are usually
used for the test of Reinforced Concrete
(RC) structures and members, because of
the easiness of conducting experiments
[1,2]. However, it is considered that
there exists the effect of the size of a
specimen on the strength and deformation
properties of concrete [3,4]. To
eliminate the size effect, microconcrete
in which the size of aggregates is
reduced in proportion to the size of a
specimen is often used for the small
scaled specimen[5,6]. It is, however,
still questionable whether or not the size
effect can be completely eliminated by
using the microconcrete.

Little experimental data is available
concerning the size effect on the stress-
strain behavior of plain and confined
concretes, while a lot of data exist

concerning the size effect on the
compressive strength of plain
concrete[7,8,9,10]. The purpose of the
present study is to examine the effect of
the specimen size and the aggregate size
on the inelastic stress-strain behavior of

both plain and confined concretes.
2. SIZE EFFECT OF PLAIN CONCRETE
2.1 Outline of experiment

The details of plain concrete

specimens are shown in Table 1. The
test variables include the sectional shape
of a specimen (circle and square), the

size of a specimen (prisms: bxbx3b, b=4.5,
5.6, 7.3, 9.7, 12.5, 15.0cm; cylinder:
height(h)/diameter(d)=2; d=7.5, 10, 15cm),
the maximum size of aggregate (¢ a=5, 10,
20, 25, 30mm), and water-cement ratio
(W/C=45, 60, 70%). The number of specimens
prepared for each combination of variables
was 20, and the total number was 1800.
Cylinders were cast vertically, prisms

ety
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were cast horizontally.

Ordinary Portland cement, river sand
(maximum size: 5mm), and river gravel
(size range: 5 30mm) were used for the
fabrication of mortar and concrete.
Slump was designed to be 15cm. All the
specimens were stripped at the age of 3
days, and then cured in a room at a
temperature of 20+2°C and
humidity of 75+10% until the tests. The
tests were carried out at the age of 6
weeks.

a relative

The specimens were loaded under the
constant strain rate of about 1x10'3/min.
up to the specified longitudinal
strain( e ) of 10x1072 by using a high
rigidity compressive testing machine.
The longitudinal strain was measured by a

couple of deformation transducers
(measurement lengths were 2b for prisms
and (h-2)cm for cylinders).

2.2 Test results and discussion
(1) Compressive strength
show the effect of

the specimen size on the compressive
strength(Fc) of prisms and cylinders,

Figures 1 and 2

respectively. It is shown in these
figures that i) the size effect of prisms
and cylinders on the compressive strength
is quite similar, i.e., the compressive
strength increases with increasing
specimen size (for the same maximum size
of aggregate ( ¢a)), and ii) the
compressive strength decreases with
increasing value of ¢ a for the same size

Table 1 Detailes of plain concrete specimens
Size of priss Size of cylinder Water—cement | Maximum size
7 ratio of aggregate
bxbxh (h=3b) d”xh  (b=2d)
(cm) (cm) We ) da (=)
4.5X 4,5%X13.5
$7.5X15 45 15 2
715 3L 9 ot
: ’ ’ X 6 10, 15, 20,
9.7x 9.7x29.1 $10 x20 0 » 3
12.5%12.5X37.5 X
X 5, 2
15. 0X 15. 0 45. 0 #15% 30 70 15 2
X d: diameter
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Fig.1 Compressive strength of plain
concrete versus section width
of specimen (prism)

DIAMETER (cm), d

Fig.2 Compressive strength of plain
concrete versus section dia-
meter of specimen (cylinder)
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Note that all the
specimens were cured in air.

of specimen.

Tanigawa et al.[9] reported, based on
their test results, that the size effect
in the compressive strength of concrete
could be expressed by the product of the
coefficient representing the effect in the
compressive strength of mortar matrix and
the other coefficient representing the
effect of d/¢a ratio (where, d: diameter
of specimen, ¢a: maximum size of
aggregate), i.e. the effect of geometrical
heterogeneity. According to their
proposed model reflecting the above
findings, the compressive strength of
concrete increases with the increase in
the size of specimen for the value of d/%a
smaller than about 8, and decreases with
the increase in the size of specimen for
the value of d/¢a greater than about 8.
In the tests conducted by Tanigawa et al.,
the specimens were cured in the room at a
relative humidity of 90+5%.

Morita et al.[10] conducted an
experiment on the size effect of concrete
using various sizes of cylindrical

¢ a(mn)
35— e—a MORTAR
= a—a3 10
@ === 15
o 3.0 I~ A-—a--A25
1 o--—030
(@
—
x 25
z
< 2.0
[as
&
“ s
o-ar” Prism
i _— 74
1.0 156 i W/C=6pD%

45 73 97125150
WIDTH (cm), b

Fig.3 Strain( € ) at maximum compressive
stress of plain concrete versus
section widthof specimen

(prism)

specimens (d=1.25" 15cm) and coarse
aggregates (¢a=2.5~10mm). In their
tests, it was found that the compressive
strength of concrete was constant or
increased with the increase in the size of
specimen for the constant value of ¢a
(where, d/¢a=5~60).
were cured in water and tested in dry

Those specimens
condition.

In the present experiment, the
compressive strength of both mortar
(d/9a=9~30) and concrete (d/0a=1.5~15)
specimens increase with the increase in
the size of specimen regardless of the
value of d/¢a. This tendency is
different from the test results obtained
by Tanigawa et al., and 1is similar to
the results obtained by Morita et al., in
spite of the fact that the curing
conditions of concretes by the authors and
Morita et al. are different.

Further experimental investigation is
required for the effects of curing and
testing conditions on the size effect,
which are considered to affect the
hydration of cement and drying shrinkage
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Fig./ Strain( em) at maximum compressive
stress of plain concrete versus
section diameter of specimen

(cylinder)
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of hardened concrete according to the
specimen size.

(2) Strain at maximum compressive stress

Figures 3 and 4 show the effect of
specimen size on the strain( e ) at
maximum compressive stress of prisms and
cylinders, respectively. Following
statements can be drawn from the figures.
i) The size effects on the strain at
maximum compressive stress observed for
prisms and cylinders are very similar.
As shown in Fig.3, the value of €n of
concrete increases with increasing size of
specimen for b=4.5~n 9.7cm, while it is
almost constant for b=9.7~v15.0cm.
Quite similar tendency is observed in
Fig.4.

ii) The value of € of concrete

m
decreases with increasing value of ¢a for
the same size

of specimen.

iii) The value of €, of mortar decreases

with increasing size of specimen.

Morita et al.[10] reported that any
significant effect of the specimen size
(d=1.25v15cm) on the value of € was not
observed for the concrete of same mixture
(9a=2.5, 5 or 10mm). Also, it was
reported that in the microconcrete
(d/ ¢ a=5, d=1.25~15cm), the value of € n
became smaller with increasing size of
In the result of the present
experiment, any significant size effect on
the value of € was not observed for the

specimen.

e}
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Fig.5 Stress-strain curve of prism
of ¢a=25mm

microconcrete (see Fig.7(a) to 7(c)).
(3) Stress-strain curve

Figure 5 shows the effect of specimen
size on the stress( o)-strain(e) curve
(hereinafter, o - € curve) of the prisms
for ¢ a=25mm. It is shown that the
compressive strength and initial modulus
of elasticity become larger, and the
slope of stress descending portion becomes
steeper with increasing size of specimen.
The 0-¢€ converge at
€ =(3~v4)x1073 |, which is similar
tendency observed between the curves of

curves

concretes of different W/C or compressive
strength.

Figure 6 shows the effect of the
value of ¢a on 0-€ curve of the prisms
of b=7.3cm.
and the strain at maximum compressive

The compressive strength
stress become smaller, and the slope of
stress descending portion becomes less
steep to a small extent with increasing
value of ¢ a.

Figures 7(a2 to 7(c) show comparisons
of the 0 -¢
almost same

curves of concretes having
b/¢a

compressive strengths decrease and the

ratio. The

descending portions of O - € curve show
more ductile behavior for the smaller
value of b or ¢a. Hence, it can be
concluded that the microconcrete provides
more ductile behavior than the concrete in
actual structural members.
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Fig.6 Stress-strain curve of prism
of b=7.3cm
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3. SIZE EFFECT OF CONFINED CONCRETE
3.1 Outline of experiment

The details of confined concrete are
shown in Table 2. The test variables
include the size of a specimen (bxbx3b,
b=7.3, 9.7, 12.5, 15.0, 20.0cm) and the
spacing of hoops (S=b/4, b/2, b, = ).
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Fig.7 Comparison of stress-strain curve

of concrete of almost same b/¢a ratio

The size of specimens and the arrangement
of hoops are schematically shown in Figs.8
and 9, respectively. Diameters of hoops
were selected for the lateral
reinforcement ratio (Ah/Ac’ where, Ah:
cross-sectional area of hoops, Ac:
vertical cross-sectional area of specimen)
to be approximately 0.3%7 in the case of
the specimen with hoops of S=b. The
number of specimens prepared for each
combination of variables was 12, and the
total number was 240. Water-cement
ratio was set to 55%. The yield
strengths of hoops used are shown in
Table 3. Methods of fabrication, curing
of specimen, and measurement of strain
were the same as those of plain concrete

00

1256 9.7 7.3cm

16.0

Fig.8 Size of confined concrete specimen

EEEE ::::.L ::::_r
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Fig.9 Arrangement of hoop

Table 2 Detailes of confined concrete

specimens

Size of prism Hoop

Section Height Diameter | Spacing
bXb (cm) h=3b (cm) ¢ (mm) 5
7.3X 7.3 21.9 3.2

b/4

9.7X 9.7 29.1 3.9 b/2
12.5X12.5 37.5 4.9 b
15.0x15.0 45.0 5.7 o
20.0X<20.0 60.0 8.0
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mentioned in Section 2.1. These
specimens were loaded under the constant
strain rate of about 2x1072/min. up to the
specified strain (€ =15x10"3) in general.

3.2 Test results and discussion
(1) Compressive strength

Figure 10 shows the effect of
specimen size on the compressive strength
of confined concrete for various spacing
of hoops. It is shown that, for plain
concrete (S= ) and confined concrete with
large spacing (S=b) of hoops, the
compressive strength increases with
increasing size of specimen, which is
similar tendency observed for the plain
concrete in Chap. 2. Such size effect,
however, is not recognized for the
confined concrete with small spacing

(S=b/4, b/2) of hoops.

Table 3 Yield strength of hoop

Diameter of | Yield strength
hoop (mm) (kef/ca?)

3.2 2415
3.9 2280
49 1937
5.7 2983
8.0 2654
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Fig.10 Compressive strength of confined
concrete (prism)

(2) Strain at maximum compressive stress

Figure 11 shows the effect of
strain (e ) at
maximum compressive stress of the
confined concrete for various spacing of
hoops. It is shown that, for plain
concrete (S=) and confined concrete with
large spacing (S=b) of hoops, the value of
€ n is hardly affected by the specimen
size  for b>9.7cm. For  confined
concrete with small spacing (S=b/4, b/2)
of hoops, however, the value of €,
decreases almost constantly with

specimen size on the

increasing size of specimen.
(3) Stress-strain curve
Figures 12(a) to 12(d) show the

effect of specimen size on the 0-€ curve
of confined concrete for various spacings

of hoops. Here, damage of concrete
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Fig.11 Strain( Em) at maximum compressive
stress of confined concrete (prism)
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Fig.13 Effect of spacing of hoop on stress-strain curve of confined concrete
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around the mid-hight of
damage

concentrated
specimens, so that all the
concentrated zones were within the strain
measurement region of specimens. The
figures show that the descending portions
of 0 -¢€
increasing size of specimen regardless of

curves become steeper with
the spacing of hoops.

Figures 13(a) to 13(d) show the
effect of spacing of hoops on the 0 - €
curve of confined concrete for various
sizes of specimen. Familiar tendency is
observed that the compressive strength is
higher and the descending portion of o-
€ curve is less steep for the smaller
spacing of hoops. Note that this
tendency is more remarkable for the
smaller specimens.

4. CONCLUSION

The effect of the size of specimens
and aggregates on the deformation behavior
of plain and confined concretes was
discussed. The following statements can

be drawn from the study.

concrete, stress( o)-
different
between microconcretes in which the

1) For plain
strain( € ) curves are quite

maximum size of coarse aggregate is
reduced in proportion to the size of
specimen. "Namely, the compressive
strength decreases and the descending
g - €
ductile behavior with decreasing size of

portion of curve shows more
specimen or aggregate (Fig.7(a) to 7(c)).
Hence, it can be concluded that the
behavior of the microconcrete may be more
ductile than the concrete in actual
structural members.

2) The compressive strength of confined
concrete increases with increasing size of
specimen for large spacing of hoops.
Such size effect, however, is not
recognized for small spacing of hoops
(Fig.10).

3) The behavior of confined concrete
becomes more brittle with increasing size
of specimen regardless of the spacing of

hoops (Fig.12(a) to 12(d)).
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