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SYNOPSIS

This paper has two main purposes: to examine the effect of specimen size on the
stress-strain curves of concrete under uniaxial and triaxial compressive stress;
and to understand quantitatively the cracking patterns of specimens by analyzing
the size distribution data of the concrete fragments of tested specimens after
failure. It is found that the effect of specimen size on the deformation
behavior of concrete is greater for concrete under triaxial compression than
that for concrete under wuniaxial compression. In this paper, a model of com-
pressive cracking pattern is proposed, based on an analysis of the experimental
data obtained. The effect of size on the compressive deformation behavior of
concrete is also discussed, highlighting the dissipation energy at cracking.
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1. Introduction

In general, the strength and ductility of a structural member tend to decrease
as the size of the member increases [1-5]. Despite this experimental fact,
reduced-scale specimens are usually used in laboratory experiments, from which
unconservative data tend to be obtained.

The effect of size on the compressive strength of concrete is not as great as
it 1is on the tensile, flexural, and shearing strengths. The compressive
strength of full-scale members is considered to be about 80 to 90% that of
ordinary test specimens (with a cross-sectional diameter of 10 to 15 cm) [6],
while some reports have pointed out that the effect of size becomes greater as
the compressive strength increases [7,8]. It has also been reported that the
brittleness exhibited in compressive failure tends to increase as the size of
the specimen increases, and the degree of the size effect again seems to depend
on the strength of the concrete [8,9].

The authors have carried out a series of experiments to investigate the
effect of various factors, such as concrete strength, the magnitude and loading
type of lateral pressure, and the shape of the specimen on the stress-strain
relationship of mnormal and high-strength concrete under triaxial compression
[10,11]. However, specimens used in the experiments were rather small (circular
section of 10 cm in diameter and square section of 10x10 cm), compared with
full-scale members. It is necessary, therefore, to discuss the effect of size
in order to apply the previously obtained information to the strength and
deformation analysis of full-scale members.

One of the main purposes of this paper is to examine experimentally the
effect of the specimen size on the stress-strain curves of concrete under
uniaxial and triaxial compressive stress. The other is to understand
quantitatively the cracking pattern of specimens by analyzing of the size
distribution data of concrete fragments after failure of the tested specimens.

2. Experimental procedures
2.1 Ooutline of experiment

An outline of experiment is shown in Table 1. Uniaxial and triaxial compression
tests were conducted, using three sizes of confined concrete. Testing variables
included the diameter of the specimen (D), the compressive strength of concrete
(Fc), and the magnitude of the lateral confining pressure (Od.v). All the
specimens were cylinders with a height-diameter ratio (H/D) of unity, and the
pitch (S) of the steel hoops was set at D/4.

Table 1 Outline of experiment

@ 1] e S (kgt/en?)

10 400 0, 25, 50
15 1 700 D/4 [0, 50

20 1000 0, 50, 100

[Notes] D : Nominal diameter of specimen, H D :
Height-diameter ratio of specimen, Fc : Compressive
strength level, S :Pitch of steel hoops, ouiv:
Lateral stress level at yielding of steel hoops.
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The experiment can be regarded as a passive triaxial compression test, where
lateral confining pressure is applied as a secondary external force to a
specimen by means of surrounding steel hoops. With the passive triaxial test in
particular, it is very important to distribute the confining pressure uniformly
along the height of the specimen. In the experiment, therefore, specimens with
H/D=1 were used, so that almost uniform dilatation along the height can be
expected [10]. The estimated lateral confining pressure, calculated on the
condition that all the steel hoops yield, is shown in Table 2.

2.2 Fabrication of specimens

Ordinary Portland cement, river sand (maximum size: 5mm), crushed stone (size
range: 5-15mm), silica fume (only for Fe=1000 kgf/cm?® series), superplasticizer,
and steel hoops were used to make the specimens. The designed slump was 20cm
and the designed compressive strengths were 400, 700, and 1000 kgf/cm®.
Specimens were capped after one day and demolded after two. The specimens were
then cured in a moist room (27%x1°C, relative humidity 88*2%) and tested after
about 50 days. Two specimens were tested for the combination of each factor.

2.3 Loading and measurement

A load was applied to specimens with a compression testing machine (capacity:
600tf) wup to the specified longitudinal strain (&,=20X10"2). The friction at
the specimen-loading platen interfaces was reduced by placing friction-reducing
pads which consist of two polypropylene sheets with silicon grease between them.

To measure longitudinal strain, a pair of steel frames was attached to the
specimen at the location of 0.05H (where H is the height of the specimen) from
both ends of the specimen by using 4 bolts. That is, the measurement length of
the longitudinal strain is constantly 0.9H. The longitudinal strain was measured
with a pair of deformation transducers attached to the steel frames in the
stress ascending range. In the stress descending range, the steel frames were
taken away, and the strain was measured with another pair of deformation
transducers that was set between loading plates. The elongation of the steel
hoops was measured with a pair of wire strain gages glued to the hoops.

Table 2 Calculated lateral pressure at yielding of steel hoops

D fy t d (c) gLy
(mm) | (kgf/cm?®) | (mm) (mm) (kgf/cm?)
|.3.6.€20.2) | 26.3 .
95.2 2560 3.2 | 7.2.(16.6) | _52.6 .
14.5 ( 9.3) 105.2
|.6.4.€82.1) | 24.7 .
156.2 2600 4.5 12,9 (26.2) | 49.4 .
25.7 (13.4) 98.8
| 6.8 (e | 24l
204. 4 3130 5.8 [13.9(31.2) [ 8.2

[Notes] D : Measured diameter of specimen (inner
diameter of steel hoop) , f,:Yielding strength of
steel, t : Thickness of steel hoop, d :Width of
steel hoop, c :Spacing of steel hoops (S=d+¢c)
o v : Calculated lateral pressure at yielding of
steel hoop , i.e. oy = (2t «d/S-D) Xf,
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3. Test results and discussions

3.1 Strain of hoops and lateral pressure

Figures 1(a) and (b) show examples of the variation of lateral pressure (0.)
calculated directly from the measured strain of hoops. According to the figures
and the other results of the experiment, lateral pressure is applied almost
uniformly to specimens, regardless of the strength of the concrete, although the
strain of the hoops tends to be large in the upper part (upper side in casting)
of specimens. Therefore, the experiment can be considered to be a triaxial
compressive test with passive lateral pressure.

3.2 Stress-strain curves

Figures 2(a) through (c) show the effect of specimen size on the longitudinal
stress—-strain curves. According to the figures, the peak stress and compressive
toughness decrease markedly with increasing specimen size. A similar tendency is
also observed in the other results of the experiment. Such size effects may be
considered partly due to difference in the clearance (see Table 2) between
hoops, in addition to the effect of size on the behavior of the concrete itself.
Then, an additional test was carried out to compare stress-strain curves of
specimens of Fc=700 kgf/cm? series with S=D/4 and D/8. However, no outstanding
difference was observed between them.

3.3 Effect of specimen size on the peak stress

Figure 3 shows the effect of specimen size on the peak stress. The solid line is
calculated from Kim’s formula [12], which is identified with Blanks' test data
[1]. The dashed lines indicate the upper and lower limits of the present test
data, where relative strength R is expressed by the following formula:

R = 10/(D+a) + b

where, D: Section size of specimen (cm)
a,b: Empirical constants

Fc=400 SERIES Fc=1000 SERIES oL y=100
8 D=10cm WCAST o| D=10cm B
- =4 127
=~ al /71,
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’
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Y e === 3/ O
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(a)Fc=400 series (b)Fc=1000 series

Fig.1l Calculated lateral pressure (0O.) curves
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Although all the test data for various conditions are plotted almost within the
two lines, the effect of size on the compressive strength seems to be more
remarkable for a larger confining pressure.

3.4 Concrete fragments of specimens after uniaxial compression test

Photograph 1 shows the distribution of concrete fragments after the uniaxial
compression tests. In the photograph, the fragments are arranged from 1left to
right in the order of decreasing size, the upper and lower ends of the fragments
corresponding to the upper and lower ends of the specimens.

(1)Effect of concrete strength

From the surface conditions of the fragments, very rough surfaces are observed
for Fc=400 kgf/cm® specimens, while surfaces are rather sharp for Fc=1000
kgf/cm?® specimens. The lengths of the relatively large fragments are nearly half
to one-third the original height for Fc=400 kgf/cm® specimens, while for
Fc=1000 kgf/cm® specimens they are almost the same as the original heights. This
is considered due to the fact that cracking occurs and propagates around the
coarse aggregates for Fc=400 kgf/cm® specimens, while cracking often initiates
inside or penetrates the coarse aggregates for Fc=1000 kgf/cm® specimens. The
total volume of relatively small fragments (bottom right of each Photograph)
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seems to decrease with increasing concrete strength, regardless of the size of
the specimen.

(2) Effect of specimen size

The photographs of concrete fragments are reduced in proportion to the size
ratio in order to make them all appear to have the same dimensions. Quite
similar distribution patterns are observed for relatively large fragments in the
photographs, independently of the size of the specimens. Namely, the actual
sizes of the relatively large fragments are in proportion to the sizes of
specimens.

3.5 Data—analysis for concrete fragments

The number of fragments with a volume greater than 2 cm® was counted and their
volume was measured for o.=0 and 50 kgf/cm® specimens. In o0.=50 kgf/cm®

specimens, the steel hoops arranged around concrete cylinders were cut and
removed from the tested specimens, then concrete cylinders were compressed
axially again until they collapsed completely. The initial loading was applied
up to approximately a longitudinal strain (&) of 20x10~2. Therefore, the
observed cracking patterns in Photo.l are considered those at &= 20x10~2

(1)Ideal cracking pattern

Figures 4(a) and (b) show the two typical cracking patterns of specimens. 1In
cracking pattern A (Fig.4(a)), no size effect is apparent, while in pattern B
(Fig.4(b)), the sizes of the fragments vary in proportion to those of specimens,
which results in the most outstanding size effect. In the present study,
discussion is carried out in the following, comparing the actual size
distribution of fragments with these typical cracking patterns.
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Photo.1 Concrete fragments after failure
(Uniaxial compression)
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(2)Method of data-analysis

Fragments are classified into three groups, bordered by the two volumes v=2 and
36 cm® (see Photo.1l, marked with A). The volume of v=2 cm® nearly equals to
that of coarse aggregate with maximum size of diameter ¢.=1.5 cm, where volume
v=47 ($a/2)3/3 = 1.8 cm®, provided that the aggregate is perfect sphere. The
volume of v=36 cm®, on the other hand, is the largest one, to which the

fragments exist continuously at least in every 2 cm® interval from the volume
v=2 cm® (see Fig.7(a)).

(3) Distribution of fragment size

Figure 5 shows the averaged occupancy ratio of large size (v236 cm®), medium
size (25v£36 cm®), and small size (v=2 cm®) fragments to total volume, in
each size of specimen. From the present experimental data, the occupancy ratio
of each range of fragment was found to be rather similar, regardless of the
compressive strength Fc and lateral confining pressure oO..

(4) Number of medium- and large-sized fragments

i)Total number

Figure 6 shows the total numbers of medium- and large-sized fragments (above 2
cm®). The total number N increases with increasing size of a specimen in every
series, but the increasing ratio is generally not in proportion to the volume
ratio of a specimen (zone A). Zones of A and B respectively correspond to the
typical cracking patterns A and B in Fig.4. According to the figure, the actual
patterns seem to be somewhere in-between. The total number N may be represented
by the 1linear function of the size D of a specimen (Eq.(2) in Table 3),
regardless of the lateral pressure O..

(a)No size effect(pattern A) (b)Similar fragments (pattern B)
Fig.4 Typical cracking pattern of specimen

[—3
>
o

10000

| —~2cm?
| B8 2—36cm®
| Y 36cm3~

200

5000

Number of fragments
100

Volume of fragment(cm®)

D=10 [=15 [D=29]

0 10 20
Size of specimen(cm)
Fig.5 Size distribution of Fig.6 Total number of
fragments (average) fragments (v22 cm®)
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ii)Distribution of fragment

Figures 7(a) and (b) show the measured frequency of medium- and
fragments, respectively. In Fig.7(a), the ordinate represents the relative
frequency, where N is the total number of medium-sized fragments. The volume
range for medium-sized fragments is classified into 17 ranks from 2 cm® to 36
cm®, at the pitch of 4v=2 cm®. The median vm of each rank is givem by (2m-1)
cm®, where m is an integer in the range 2 to 18. According to Fig.7(a), relative
frequency n/N sharply decreases with increasing fragment volume, regardless of
the size of the specimen. This tendency is considered to correspond to typical
cracking pattern A in Fig.4, and is also observed in the other sets of Fc and
0. The relation as in Fig.7(a) may be represented by Eq.(3) in Table 3.

large-sized

On the other hand, the range of volume v from V/3 (where, V 1is "the total
volume of a specimen) to approximately v=36 cm®, in the abscissa of Fig.7(b), is

divided at the pitch of every half, i.e., at V/6, V/12, ..., from the maximum
value V/3. The number of large-sized fragments is almost in a 1linear relation
Table 3 Numerical equations for number
of concrete fragments (v22 cm®)
N=a (D—9) +25
where, a=—0.9y/ Fc +35
Eq. (2) Fe:Compressive strength of concrete(kgf/cm®)
D:Diameter of Specimen (cm)
Tenth's position of N is raised.
n 2
N (Va—1) ?
Eq. (8) | where, Va=2m—1
m : Integer of 2 to 18
Tenth's position of n is raised.
A\
n=m, Vg= — 27" (m=12 )
Eq. (4) 3
where, vn=236,
V :volume of specimen (cm?®)
o] Ba(®) Fe=T00, 010 | S
= L B 1 ' t
\ Q_ ! :D:IU ] : : Q:Fc=7[)0. GfU 1
ol 23D=15 ] ' , » [@:D1 | 1
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2 [ ] : D=20 |- . : §0 (O:D= |
= Ca 1 2 ' . o ay p
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(a)Medium size fragments

(25v<36 cm®)

Relative volume of fragments (cm®)

(b)Large size fragments

(v236 cm?®)

Fig.7 Frequency of fragments of various sizes
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with the relative volume of fragments in the lateral axis, and is given by
Eqg.(4) in Table 3, regardless of the size of the specimen, concrete strength, or
lateral confining pressure. This means the distribution of large-sized fragments
corresponds to typical cracking pattern B in Fig.4, which is already predicted
in the observation of Photo.1l.

3.6 Cracking pattern model

(1)Relation with typical cracking pattern

The cracking patterns of specimen observed in the experiment seem to be between
patterns A and B in Fig.4. This fact means that the total energy absorbed over
the whole specimen is inevitably influenced by the size of the specimen,
assuming that the distribution energy per unit area at cracking is constant,
regardless of the size of the specimen.

(2)Cracking pattern model

An ideal cracking pattern for energy dissipation system of compressive concrete
may be assumed as in Fig.8, referring to the result from the present experiment.
Note that the occupancy ratio of each size of fragment varies with the size of
the specimens, as well as with the concrete strength, which is represented by
Eq.(2) in Table 3.

(3)Comparison of calculated results with fragments in Photo.1l

As an example, the distribution pattern of concrete fragments (assumed to be
cubic) is calculated with Egs.(2) to (4) and shown in Fig.9. The conditions for
the present calculation are summarized in Table 4. Here, the total volume of the
medium~ and large-sized fragments (v2 2 cm®) is assumed to be 80% that of the
original specimen, based on the result in Fig.5. All the remaining small-sized
fragments (v<2 cm®), constituting 20% of the total volume, are assumed to be
cubes of volume 1 cm®. Rather similar distributions to those in Photo.1l are
obtained, although the total volumes are not necessarily equal to the original
ones (within original volume *10%).

3.7 Dissipation energy per unit area at cracking

The dissipation energy (e) per unit area at cracking is assumed to be given by
the following formula:

1 [ EEENNER! !
JITTOITTITIITTY

i

Fc=400kgf/cm*. D=20cm

Fig.8 An ideal cracking pattern Fig.9 A calculated result
for energy dissipation system of concrete fragments
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Q : Fe= 400
o _|A : Fe= 700
Table 4 Conditions for present "
calculation of cracking pattern 2 o
L ar
1)Shape of fragments: cubes E .
2)Occupancy ratio of fragments to e
total volume: =h
small (v=2 cm®) 20% R
medium (2Sv=36 cm")} 80%
large (v236 cm®) (approx.) h
3)Frequency of medium and large .
sizes of fragments: DIAMETER (cm)
Egs.(2) to (4) in Table 3 Fig.10
4)Sizes of small fragments: v=1 cm® Dissipation energy

per unit area of
cracked surface

e = Wa/A (5)
where, We: Plastic work by concrete (kgf:cm)
We = §0sdEs
A: Total area of cracked surfaces {(cm?®)
A = 3{Z(v373) - (2v)=/3}
where, v: Volume of cubic fragment

In Eq.(5), plastic work We is taken directly from the wuniaxial and triaxial
compression test data. The total area of cracked surfaces A is calculated by
using the equations in the previous section, under the assumption that all the
concrete fragments are cubic.

Figure 10 shows the calculated values of e at &=10x10"° for 0.=0 and
£=20x10"° for o©.=50 series. According to the figure, the values of e for
0.=50 kgf/cm® series are about 10 times those for o0.=0 kgf/cm®. The values of
e tend to decrease with increasing size of specimens. In addition, the value of
e for o0.=0 series is nearly 1 to 3 kgf/cm, which is estimated to be about 10
times that dissipated per unit area in tensile cracking.

4. Conclusions

1)The effect of specimen size on the deformation behavior of concrete under
triaxial compression 1is more remarkable than that under uniaxial compression
(Fig.2).

2)Cracking patterns of the specimens with different sizes are different from
each other. Typical cracking patterns are illustrated in Fig.4. The actual
patterns were found to be somewhere in-between.

3)The cracking pattern was influenced by the concrete strength, while the effect
of lateral confining pressure was scarcely observed (Fig.6).

4)Based on the data-analysis, a model of compressive cracking pattern is

proposed. A general idea of the model is illustrated in Fig.8, and an example of
the calculated sizes of cubic concrete fragments is shown in Fig.9.

— 160 —



5§)The following approximate values were obtained by wusing Eq.(5) in the
calculation of dissipation energy (e) per unit area in compressive cracking
(Fig.12):

e = 1 to 3 (kgf/cm) for o.=0 kgf/cm?

e = 7 to 18 (kgf/cm) for o0.=50 kgf/cm?
where, the volume of small-sized fragments (v<2 cm®) was assumed to be the
constant value of 1 cm®.

Conversion units
1 kgf/cm®*=0.098 N/mm*

1 N/mmZ®=1 MPa
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