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In the past, several researchers have studied the size effect on shear strength
of reinforced concrete beams and it has been found that the nominal shear
strength Ve/bd of beams without shear reinforcement decreases as the effective
depth of member increases. However, effective depths in previous studies were
limited to only 110 cm. In order to investigate the size effect for larger
reinforced concrete members, this study was undertaken on members with six
different depths ranging from 10 to 300 cm, with constant b/d ratio, under
uniformly distributed loads. The results reveal that the size effect exists
even for a member deeper than 100 cm, and the nominal shear strength is
inversely proportional to the fourth root of the effective depth.

M. Iguro, General Manager, Civil Engineering Development Department, Shimizu
Construction Co., Ltd., Tokyo, Japan. He is a member of JSCE and JCI.

T. Shioya, Research engineer, Institute of Technology, Shimizu Construction
Co., Ltd., Tokyo, Japan. He is a member of JSCE and JCI.

Y. Nojiri, General Manager, Civil Engineering Department, Kajima Institute of
Construction Technology, Tokyo, Japan. He is a member of JSCE and JCI.

H. Akiyama, Senior research engineer, Kajima Institute of Construction
Technology, Tokyo, Japan. He is a member of JSCE and JCI.

Sl



1. INTRODUCTION

In recent years, reinforced concrete structures are showing a gradual trend to
become larger in size as advances and improvement are made in materials, design
and construction technologies, and also because of the demands of society. One
of the problems in design accompanying increased size is the matter of how to
design against shear. Studies on reinforced concrete members are going on
actively even now, and much work has also been done regarding shear strength,
but the present situation is that any universally recognized method of design
does not exist. The usual practice in the standard of each country is to use
experimental formulae derived from statistical data in experiments or to
prescribe allowable values based on test results.

In designing a larger-sized structure, the design against shear is also done
referring to these experimental formulae and allowable values. The shear
strength of a reinforced concrete beam without shear reinforcement has been
shown by experimental research done by Kani [1], Kennedy [2], Taylor [3] and
others where shear strength is reduced with increased effective depth "qd", as
shown in Fig. 1. This is generally called the "size effect," and has been taken
up in specifications such as the CEB-FIP '"Model Code for Concrete Structures"
[4], and the Japan Society of Civil Engineers (JSCE) "Limit State Design of
Concrete Structures (Proposal)" [5] and others. However, there are no reports
on the size effect on reinforced concrete beams of d > 110 cm. Furthermore,
there have been difficulties in assessing the shear capacity of a large
structural member, which is subjected to large dead weight uniformly distributed
load, due to lack of the experimental data on the effect of this distributed
load, since almost all experiments in the past were performed under concentrated
loads. Because of this, experiments under uniformly distributed loads on
reinforced concrete beams of d = 10 to 300 cm without shear reinforcement were
conducted with an attempt made mainly to grasp the existence and extent of the
size effect on shear strength of beams of d > 100 cm.

Scope of this experiment
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Fig. 1 Relation of shear strength "t" and effective depth "d"
(whereTigg: shear strength of beam with
effective depth d = 100 cm)
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2.

OUTLINE OF EXPERIMENTS

The specimens listed in Table 1 were made under the following conditions :
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Six effective depths "d" of specimens are chosen as 10, 20, 60, 100, 200
and 300 cm.

The applied load is to be a uniformly distributed load.

The maximum size of coarse aggregate Gmax is to be Gmax = 10 mm in case of
d =100 cm and Gmax = 25 mm in case of d = 100 cm, and the effect of
coarse aggregate size to shear strength is investigated by beams of d =
100 cm.

The principal configuration of the specimen is to be a beam of rectangular
cross section and the ratio of width of specimen "b" to "d" is to be b/d =
1/2. '

The ratio of loading span "&" to "d" is to be &/d = 12. In case of
concentrated load, the ratio of shear span "a" to "d" for diagonal tension
failure will be a/d = 3 as shown in Fig. 2, while according to Kani [7],
the shear span "a" in case of uniformly distributed load will be a = /4
as shown in Fig. 3. Consequently, with 2£/d 2 12, there will be diagonal
tension failure and the resisting mechanism will not be of deep
beam, and therefore, &/d = 12 was adopted. The ratio will give a value
close to the lower limit of shear strength.

The main reinforcement ratio "p" in the vicinity of the supporting point
where shear failure would occur is taken to be 0.4 percent. The occurrence
of shear failure in a reinforced concrete member will be more likely in
case larger "p" is adopted, but here p = 0.4% was taken as being a
reinforcement ratio close to the lower limit being actually used,
thereby obtaining the lower limit value of shear strength.

Reinforcing bar diameter is to be varied in proportion to effective depth.
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Fig; 2 a/d and shear strength [6]. Fig. 3 Shear span ratio in case of

a uniformly distributed load.
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2.1 Configurations, Dimensions and Reinforcing Bar Arrangements

The
arrangements

The specimens of effective depths d =

reinforcement ratio of 0.4

was expected that flexural failure at midspan would pr

cross—-sectional dimensions
in the vicinities of the supporting points are shown in
200 cm and 300 cm were made with constant
but for specimens of d =< 100 cm,
ecede shear

of the

percent,

specimens

and the

portion from 1.5 d from supporting point to midspan was

flexure. The

percent at a pitch of 0.25 from 1.5d to 3 d,

constant ratio of 0.8 percent was adopted.
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Fig.4 Cross-sectional dimensions and reinforcing bar arrangements of specimen.

2.2 Materials Used

a) Concrete

The mix proportions of concrete are shown in Table 2.

b) Reinforcing Bar

The reinforcing bars used were D3,

the respective bars are sho
reinforcing bars were of

D6,
wn in Table 1.
wave lugs

D10,

D16 and

D25.

The yield points of

The bond surface deformations of the

for D6 and bamboo lugs

for others.

Reinforcing bars of D3 [8] were used only for reinforcement against flexure.

Table 2  Mix proportions
Mix |Comp. Max. Range | Water- Sand- Unit content (m3) Admix- | Air
strength{ size of cement agg. ture
coarse slump ratio ratio | Water Cement| Sand |Gravel
agg.
fc W C S G
(MPa) (mm) (cm) w/C s/a xg) | kg) | (kg) | k@) | Cec/m® | )
1 23.5 10 15 + 2 0.615 50 176 287 915 927 718 4
2 23.5 25 12 + 2 0.560 41.5 149 266 785 1123 669 4
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2.3 Placing and Curing of Concrete

The concrete of large specimens of d = 200 cm, 300 cm were placed by pump. The
specimens were cast divided into multiple layers with a single layer
approximately 80 cm and the rate of placement 50 cm/hr. Consequently, in case
of d = 300 cm the specimen was divided into four layers with 1.5 hrs required
per layer, so that it took approximately 6 hrs to cast the specimen. Test
pieces for quality control were made using concrete sampled after discharge from
the pump. Specimens except large ones were cast by chutes. Specimens were
cured by sprinkling water from immediately after placement until the age of 28
days. '

2.4 Method of Test

The supporting condition for beams was simple supports at both ends, and the
uniform load was applied to a beam using a synthetic-rubber bag which exerts
uniform hydraulic pressure based on Pascal's Law. The loading apparatus used in
case of the largest specimen is shown in Fig. 5. A uniformly distributed load
acting on the specimen with this method was confirmed in preliminary tests using
the pressure sensitive film, During actual tests, loads were measured by two
systems of pressure gauges and load cells. The pressure assured that the
specified loads were acting.
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Fig. 5 Loading apparatus for the largest beam.
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With regard to handling of dead weight, 1in case of loading from the top, the
dead weight was measured by load cells and converted to a uniformly distributed
load and added to the applied load. In case of loading from the bottom, the
condition of the specimen floating on a synthetic-rubber bag filled with water
was taken to be zero loading. The cycles of loading were given as described
below.

a) First Cycle

Up to the load at which extreme fiber stress of the specimen reaches tensile
strength of concrete.

b) Second Cycle

Up to the load at which shear stress acting on the cross section at 1,5 d inside
from a supporting point reaches the allowable value Tai for a beam according to
the current Japan Society of Civil Engineers Standard Specifications for
Unreinforced and Reinforced Concrete [9]. In this specification shear stress is
defined as T =Vy/bjd, but in this study shear stress is evaluated as T = Veo/bd.
Consequently, Ta: = 0.38 MPa in this study corresponds to Tai1 = 0.44 MPa in case
of fo=23.5 MPa in the specification.

c) Third Cycle

Up to failure load.

2.5 Additional Tests

The following tests were performed on large specimens with the purpose of
investigating the factors causing the size effect on shear strength of
reinforced concrete members,

a) Bond Strength Tests of Reinforcing Bars

The method of testing bond strength for the case of d = 300 cm is shown in Fig.
6. This method was also followed in the case of d = 200 cm. In the specimen of

T 7 D25
¥ RO bejuiiiuytnfiyly — |
1520 . °] 300
i U . Gas pressure welding
S , - D25 / D25 threaded bar
= ) B iy T
o .7 300 ] 500
o ye 800
L4 ° °
° ¢| StealPlate

Load cell (490 KN)CLP50WS

°

____________ | Mt i = iy Sl
NS . !
Dial gauge Lt [ Center hole jack(340 KN) LPP 3520
(lﬁ;QQOmm) Bond length . I Spherical block stroke 200 mm
% 6715 1150] 6715 <:30/225 | 360 | i35
| N 150
1500 800

Fig, 6 Bond strength test (Specimen No.7)
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d = 300 cm, the reinforcing bars used were D25 with the bond lengths of 15 cm
at the middle, the remainders being unbonded. The pull out test was conducted
using a center hole jack and measurements were taken until movement of the free
end of a bar reached 1 mm. The locations of bars for bond strength tests are
shown in Fig. 7 for the case of d = 300 cm.  The locations were determined
similarly in case of d = 200 cm.

b) Concrete Core Strength Tests

Core strength tests were performed on specimens of d = 200 cm and 300 cm. The
locations of core sampling for compressive strength tests are shown in Fig. 7.

2.6 Items of Measurement

The items of measurement and specifications of instruments are shown in Table 3.

12
L

°Core sampling

18000 '3000
* Bond strength test

Fig. 7 Location of bars for bond strength test
and core sampling (Specimen No.7)

Table 3 Items of measurement and specifications of instruments

Masurement Measurement Measurement s .
item objective method Instrument specifications N* Remarks
Confirmation .
Load applied of strength Load cell Capacity (980- 5900 KN) 1lor2
Pressure : Pressure . _
applied Ditto gauge Capacity (0.2- 0.5 MPa) 2
C Confirmation 19 points for
oncr?te of failure Strain gauge | PL-60 or KM 100F 10 specimens of d
strain mode = 200, 300 cm
Ditto
Rebar strain, | Ditto Ditto FLA-6-11 or FCA-6-11 10
Deflection Ditto Displacement | cpp_s50 or vPS 15
meter
Crack dis- Ditto Visual _ _
tribution inspection
Crack width | Ditto Displacement | ¢p_ 5 p1-5 or crack scale 8
meter
: Visual
Failure mode | Ditto inspection

* Number of measurement points
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3. [EXPERIMENTAL RESULTS AND OBSERVATIONS

The experimental results are as shown in Table 1.  Since there was a slight
difference in concrete strength of specimens tested at different ages as shown
in Table 1, the correction was made on the shear strength by a normalizing
factor, by which the measured shear strength was made proportional to the cubic
root of the measured compressive strength [10], These corrected values were used
in the subsequent studies. Furthermore, in case of a uniformly distributed
load, shear force distribution is not constant along shear span as in the case
of concentrated load, and the distribution will be linear decrease toward the
midspan as shown in Fig. 8. Consequently, the shear strength 1 =Ve/bd differs
along the span, and in this study the section at 1.5 d inside from a supporting
point was assumed to be the critical section referring to cracking patterns.

3.1 Evaluation of Size Effect

Figure 9 shows the results of these experiments with the calculated values of
shear strength applying established standards and Okamura-Higai equation [10].
According to these results, the shear strength is gradually reduced as effective
depth increases, similarly to the results of studies by Kani and Taylor.
Furthermore, although the CEB/FIP "Model Code for Concrete Structures" does not

Sym- | Struc- | 2/d |Gpax
bol | ture

[} 12 |10 mm
Beam
1.5} '] 12 |25 mm
(Note) ( ) Flexural
—~ failure
g Okamura~Higai Eq.
E% fo = 23.5 MPa
Critical section p = 0.L4%
fa] a/d = 3
q [
I T3 T I 3 1T 11 113 ;—f.
O1.0F
S 2=124d _‘5’ ]
& & Okamura-Higai Eq.
(%]
[ae]
= ACI(1978)tu
B
jas}
2]
0.5F T~

EB/FIP S

Fig. 8 Shear force diagram C
and critical section. (1978)tu - —-O0——a——

0 1 1 1 1 1 11 1)1 1 1 1
10 20 60 100 200300500
EFFECTIVE DEPTH 4 (cm)

Fig. 9 Shear strength and effective depth
—— evaluated at 1.5d from supporting point
—— correction by compressive strength
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take the size effect for consideration at d > 60 cm, the size effect still
exists even for d > 100 cm which is outside the scope of the past experiments.
Particularly, in case of a specimen of d = 300 cm and main reinforcement ratio
of 0.4 percent without shear reinforcement, the shear strength was Tu= 0.31
MPa, that dindicates a fairly small value. The shear strength equation by
Okamura and Higai adopted in the JSCE "Limit State Design of Concrete Structures
(Proposal)" was derived from the experimental results on shear strength under
concentrated loads. The data were collected from a number of Japanese and
foreign literatures. Even in case of a uniformly distributed load as in our
experiments, there is approximate compliance with the equation in the range of d
¢ 100 cm if evaluation is made with a/d = %/4d. Figure 10 shows the relation of
effective depth and shear strength plotted on logarithmic paper with the shear
strength T100,25 (d = 100 cm and Gmax = 25 mm) as a reference in order to see
the size effect. According to the results of experiments, the size effect shows
a slight convex trend in the downward direction. Although it does seem that a
lower limit exists at around d = 200 to 300 cm, because of a little amount of
experimental data available it appears advisable in the present stage to
consider that the shear strength is inversely proportional to the fourth root of
effective depth as shown by the solid line in the figure.

Furthermore, the effect of the size of coarse aggregate (Gmax) was investigated
using d = 100 cm beams, and the shear strength of a beam with Gmax = 25 mm was
higher about 20% than that of Gmax = 10 mm.

As described above, it was found that there is the size effect on shear strength
even with d > 100 cm beams. Therefore, in subsequent studies, the behaviors of
specimens with d = 300 cm are described in detail, and the factors causing the
size effect are examined.

5.0
| Sym- | Struc~ | £/d | Gpax
bol | ture
I a 12 10 mm
& & Okamura- Beam
2. 0F@ @ Higai Eq._ ™ 12 |25 mm
\\/-— (Note) () Flexural
~ failure
. \\

=

n
v
o 1.0_ ]
9 L D
c i . ¥
Y [ /%100, 25=(a/100) 71/ 4
= 0.5}

0‘1 L 1 1 1 [ N RIS A ]

10 20 60 100 260 350 'soo
EFFECTIVE DEPTH (cm)

Fig., 10 Shear strength ratio and effective depth.
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3.2 Cracking Patterns

The cracking patterns of the various specimens are shown in Fig. 11. Flexural
cracks occurred at extreme tension fiber of the midspan in all specimens, and
when loads were increased, cracks already formed propagated to extreme
compression fiber, while newly formed flexural cracks were observed from midspan
to shear spans. With the specimens of d = 10 and 20 cm, flexural failures
occurred at the midspan before shear failures occurred, but with specimens of d
260 cm, diagonal cracks produced in the vicinities of 1.5 d from the supporting
points became more dominant than flexural cracks at the midspan. Finally, sudden
failure occurred at shear span. Specimens of d = 60 cm showed diagonal tension
failures, but the cracking patterns at failures were very similar in spite of
different load levels. Points in common were;

(1) Main cracks extending as far as the neutral axsis of members are at a pitch
of roughly d/2.

(2) Diagonal cracks causing shear failure in the end initiate at a reinforcing
bar location approximately 1.5 d from the supporting point.

Regardless of the depth of "d", approximately same numbers of main cracks at
shear failure appeared and that means crack widths are large when "d" is large
comparison to that when "d" is small. In general, it is said that the shear
strength of a beam without shear reinforcement is determined mainly by the
interlocking action of aggregates, dowel action of axial reinforcing bars, and
shear resistance of concrete at compression zones. Focusing on aggregate
interlocking, crack width becomes large when "d" is large and the interlocking
effect of aggregates will decrease, so that it may be considered that the shear
strength will decrease when "d" is large.

Figure 12  shows the cracking pattern at the middle of the beam when d = 300 cm.
At the center span, the principal cracks were formed first and followed by
small cracks occurring at spacings as seen in a uni-axial tension test. This
phnenomenon is quite similar to the pattern of internal cracks produced in
concrete around deformed bars studied by Goto and Otsuka [11], and it is
interesting that the microscopic cracking properties investigated by Goto and
the macroscopic cracking properties in these large beams resemble well each
other.

Figure 13 shows the cracking pattern at the shear span of a beam of d = 300 cm.
In comparison between the A and Y sides, it is considered that the Y side shows
a condition of shear failure, and the A side a condition immediately before
failure, and as Kani [12] has stated, the mechanism as shown in Fig. 14 of
ultimate failure at the bases of concrete teeth can be seen.

3.3 Loads and Reinforcing Bar Strain

The examples of the relationship between load and re-bar strain of d = 300 cm
beam are shown in Fig. 15 and Fig. 16. Figure 15 is that of the midspan and
Fig. 16 is for the section at 1.5 d inside from the supporting points. The
calculated values in the figures are those obtained from the ordinary reinforced
concrete calculation equation (hereafter RC calculations), but in the shear
span, once a flexure shear crack is formed, a strain larger than that strain
calculated by the conventional beam theory is produced. The method of computing
the reinforcing bar strain for the acting moment by shifting toward lower moment
section is called the moment shift method [13]. In this experiment, the strain
corresponds to the values obtained from the RC calculation in which the moment
shift of 1.0 d is considered.
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Fig. 12 Cracking pattern at midspan (Specimen No.7).
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Fig. 13 Cracking patterns at shear span (Specimen No.7).
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Figure 17 shows the reinforcing bar strains for d = 60 cm. Comparing the cases
of d = 60 cm and 300 cm, the sudden increase of strain were observed in both
cases and this phenomenon is considered due to the initiation of tensile cracks.
The crack initiation load indicated by the inflection point was higher for the
smaller member height. The actual flexural tensile strength of reinforced
concrete beam specimen obtained from this inflection point is termed herein as
the virtual flexural tensile strength fy. On the other hand, the flexural
tensile strength of plain concrete fpgq is obtained from the standard flexure
test using 15 x 15 x 53 cm specimen, and this value can also be obtained by the
relationship of fpg = 0.46 fé2/3, which is used in this study. The relation
between the member height and the ratio of fp/fpd is shown Fig. 18. The figure
shows the trend of fu/fbd to become smaller as the height of test specimen
increases. It is conceivable that this phenomena is due to the size effect on
the flexural tensile strength of concrete. Eventhough the possible effect due
to bleeding is expected for the reversed loading direction on the specimens with
d = 200 cm and 300 cm, no such effect is observed in the compressive strength
test on core concrete specimens. The shear failure is initiated by formation of
diagonal cracks or by the flexural failure at the base of concrete tooth as in
Kani's theory. Both mechanisms are closely related to the flexural tensile
strength. Therefore it is considered that the size effect on shear strength
depends in part on the size effect of concrete flexural tensile strength itself.
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3.4 Load and Deflection

Figure 19 shows the relation between load and deflection of a specimen with d =
300 cm.  The calculated values in the figure are based on the equation proposed
by Branson [14], but here, if calculations are vade assuming that the flexural
tensile strength fyq of concrete is fpg = 0.46 f% 3, there will be a discrepancy
between calculated and experimental values. This can be attributed to the
reason because the size effect exists in flexural tensile strength of concrete,
and when calculations were made using the virtual flexural tensile strength fy
obtained from the load at which a reinforcing bar strain gauge sensed cracking,
the relation between load and deflection agreed well for all specimens.
Consequently, in case of calculating deflection in a large structure, it is
considered necessary to take the size effect on flexural tensile strength of
concrete into consideration,
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Fig. 19 Load and deflection at midspan (Specimen No.7).
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3.5 Results of Bond Strength Tests

In the results of tensile strength tests on reinforcing bars (D16, D25) embedded
in large specimens (d = 200, 300 cm), the strength at which the free-end
slippage reached 6 = 0.25 mm was defined to be the bond strength, and the
results are reproduced in Figs. 20 and 21, A trend of bond strength decreasing
at the upper part of the specimen was seen in tests using D16, but prominent
differences were not recognizable in tests using D25. The large specimens all
showed shear failures on the Y side, but bond strengths were higher on the Y
side according to bond strength test results. This may seem at first glance to
be contradictory, but Ikeda [15] has given a conceptual diagram of the strength
of beams with bond strength as a parameter in connection with shear strength,
which indicates the fact that high bond strength does not necessarily mean
increased shear strength. At any rate, although bond and shear strength are
closely related, there are many aspects which have not yet been clarified, and a
clear-cut conclusion could not be drawn from the results of these tests.

3.6 Results of Concrete Core Strength Tests

The relation between the distance from the bottom of the specimen and concrete
core strength is shown in Fig. 22. Concrete strength generally differs between
and lower parts of a member due to the influence of bleeding, and it is
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considered that strength at the upper part of the member is low, but in these
experiments, since one lift of concrete placement was limited to about 80 cm,
there was hardly any difference in strength seen in the direction of height. As
shown in Fig. 23, splitting tensile strength tests were performed changing the
direction of loading from the direction of concrete placement in a specimen of d
= 200 cm, but differences in strength were not recognized.

4. CONCLUSIONS

The shear strength of a reinforced concrete beam without shear reinforcement has
been found in experiments to be gradually reduced as beam depth increases, and
this is generally called the size effect. The influences are partly adopted in
various standards, but there has been no reports of experiments on the size
effect on reinforced concrete beams of effective depth "d" being greater than
110 cm. Furthermore, there has been difficulty in assessing the shear capacity
of large concrete members, which is composed largely of dead weight uniformly
distributed, due to lack of the experimental data on the effect of distributed
load., Accordingly, in this study the experiments under uniformly distributed
loads were carried out on seven reinforced concrete beams of d = 10 to 300 cm
without shear reinforcement, in order to examine whether the size effect on
shear’ strength exists in beams mainly with "d" larger than 100 cm. The major
results obtained were as follows:

(1) Size Effect on Shear Strength

According to the results of these experiments, shear strength gradually
decreases as effective depth increases, similarly to the studies by Kani and
Taylor. Moreover, it appears the CEB/FIP "Model Code for Concrete Structures,"
has not considered the size effect beyond the range of effective depth greater
than 60 cm, but even for "d" greater than 100 cm, which had been outside the
scope of past experiments, the size effect still exists. The size effect at d >
100 cm may be considered to be inversely proportional to the fourth root of
effective depth,

(2) Cracking Pattern

Irrespective of the height of "d", the principal cracks at shear failure
occurred at a pitch of d/2, and the number of cracks appeared were approximately
the same. Consequently, the crack width will be larger when "d" is large, and
it can be considered that the shear strength decreases when "d" is large,
because the interlocking effect of aggregates will be reduced due to widening of
cracks.,

(3) Strain of Reinforcing Bar

The strain of reinforcing bar, when flexural shear cracks are formed, becomes
larger than that calculated by the conventional beam theory. The method of
computing the re-bar strain for the acting moment shifted toward the lower
moment section is called the moment shift method. In this experiment, the
re-bar strain corresponds to the values obtained from the RC calculation in
which the moment shift of 1.0 d is considered.

The virtual flexural tensile strength fp obtained from the load at which the
reinforcing bar strain gauge sensed crack initiation is lower for specimens
with greater height "H", and it is thought the size effect on shear strength of
a beam without shear reinforcement is due in part to the size effect of concrete
flexural tensile strength itself.
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(4) Load and Deflection

The experimental and analytical values of load-deflection were compared, and the
both values showed better agreement when the virtual flexural tensile strength,
which incorporates the size effect, was used for the analysis than when the
ordinary flexural tensile strength was used. Consequently, for calculating
deflection of a large structure, it is considered necessary to take the size
effect on flexural tensile strength of concrete into account,
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