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Abstract

Complete stress-strain curves tor different concrete strengths up to 920 kg/cm?
were measured, and the coefficients of stress block were calculated. Meanwhile, a
total number of 114 reinforced concrete beams, made with normal or high strength
concrete, were tested in shear and flexure.

It is shown that though high strength concrete is less ductile than normal strength
concrete, reinforced concrete beams made with high strength concrete can show more
ductility than might be expected from the ductility of concrete itself. Also, the in-
fluences of different factors such as shear span to depth ratio, reinforcement ratio and
cross-section on the strength of singly reinforced high strength concrete beams are dis-
cussed.

1. Introduction

Interest in high strength concrete (HSC) has been increasing over the past
several years, and a few projects have been constructed by using HSCY*¥, By
increasing its compressive strength, concrete could not only be more economical,
but also be a more effective construction material, especially when reduced weight
is necessary, for example, as in long span concrete bridges or high rise buildings.
These advantadges of HSC might more widely increase its use in the future.

Generally, to achieve HSC, lower water-cement ratio with a large amount of
cement and a good quality of aggregates are to be used. Besides these, to get
enough workability, high-range water-reducing agents® are used.

Studies on the mechanical and deformation properties of HSC indicate that
it shows somewhat different behaviors compared with normal strength concrete
(NSC)®. The most important characteristics of the physical properties of HSC
are as follows: it is more elastic under compression, showing less plastic deforma-
tion until failure, and the ratio of the tensile to the compressive strength (ot/oc)

becomes relatively small. These might reduce the ductility of the structures made
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with HSC. Also, since the tensile strength of concrete plays an important role
on the shear strength of the concrete members, investigation of the strength and
ductility of concrete members made with HSC is quite important.

There have been very few studies on HSC members, especially from the view-
point of ductility. Hence, two series of experimental works were carried out to
obtain additional data on the strength and behavior of HSC members.

2. Experimental Works
2-1 Materials

Ordinary Portland cement, sand from a local mountain having a fineness
modulus of 2.8, and crushed stone with a maximum size of 15 mm and a fineness
modulus of 6.1 were used for making NSC. To make HSC, high early-strength
Portland cement, sand from a local river having a fineness modulus of 3.0, crushed
stone with a maximum size of 15 mm and with a fineness modulus of 6.6, and a
high-range water-reducing agent of sulfonated polyalkylaryl type compound (NL-
1400)® were used. For reinforcement of beams, deformed bar of 10 mm dia. with
a yield strength of 3970 kg/cm? was used for the NSC beams. Deformed bars, of
16 mm dia. and 19 mm dia. with yield strengths of 3430 kg/cm? and 3330 kg/cm?,
respectively, were used for the HSC beams.

2-2 Specimens

Cylindrical specimens of ¢10x20cm were used for obtaining compressive
stress-strain curves, and singly reinforced beams having a cross-section of 1020
cm (effective depth=17 cm) and a length of 160 cm were cast for test series I.
In this series all beams were fully reinforced against shear. For the purpose of com-
parison, concrete with three strength levels, 280, 700 and 920 kg/cm?, were used

for both cylinders and beams. In order to keep the tensile reinforcement index,

o
7 (q: Y/ l) , constant, reinforcement ratios, p, of the foresaid beams were
a.ﬂl

chosen as 0.84, 2.34 and 3.379%, {¢=0.114~0.122) respectively. In test series II,
the major test was conducted on singly reinforced beams without any web reinfor-
cement. However, for determining the value of the flexural strength experimental-
ly, two beams fully reinforced against shear in the web, were used for each com-
bination of different concrete strengths. The materials used were the same as in
test series I, but the concrete strength was 340 or 380 kg/cm? in the NSC beams
and 820 kg/cm? in the HSC beams. The reinforcement ratios varied from 0.84 to
3.37%, for beams having a 10x20cm cross-section (effective depth=17 cm)
(group 1), and from 1.14 to 3.189%, for beams having a 10X 15 cm cross-section
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(effectiv e depth=12.5 cm) (group 2), respectively. The shear span to depth ratio
(a/d) was chosen as 1.5, 2.0, 2.5 and 3.0 for beams in group 1, and 1.5, 2.0, 2.5,
30, 5.0 and 6.0 for beams in group 2.

2-3 Testing apparatus

Cylindrical specimens at the age of 28 days were tested by a stiff testing ma-
chine” under a uniform compressive deformation rate of 0.25 mm/min. The
beams were simply supported and loaded with two symmetrical concentrated
loads, also at the age of 28 days. The beams in test series I were broken in flexure;
and those in test series II were done primarly in flexural shear. Mid span deflec-
tion, section curvature, tensile and compressive strains of concrete and tensile strain
of steel were measured during the tests.

3. Results and Discussion

The results of the tests of series I are shown in Table 1. The average stress-
strain curves obtained from the cylinder tests are given in Fig. 1. Fig. 2 is the
non-dimensionized curve of Fig. 1, in which o/¢,, is taken as the ordinate, and
¢/e, as the obscissa. From these figures it can be noted that: (1) As the
concrete strength increases the strain at the maximum stress also increases, and
(2) In higher sterngth concrete the descending rate of stress beyond the maximum
stress becomes remarkable. These observations confirm the results of the studies
by Muguruma® and Matsumoto®. As was mentioned before, HSC was a vrey
rich mix with an extremely low water-cement ratio. Moreover, it contained a high-
range water-reducing agent, as shown in Table 2 for the typical proportioning of
0.,=900 kg/cm?. Thus compared to NSC, the mortar matrix was stronger in
HSC, and as a result the strength difference between the matrix and coarse ag-
gregate might be small. Naturally, in order to achieve HSC it is important to
improve the strength of the binder'”, but it is considered that the proximity of

Table 1. . Test Results of Series I

B;:Iams g, a; g b g | kofkik M, | Mn* | Msn**| Msn*|
o. | kg/em? | kgfcm? | kgfcm? | (%) 2853 (tem) | (t*m) | (tem) Mg **
No. 1 280 25.8 40 0.84 | 0.115( 0.52 | 1.01 1.31 0.90 1.46
No. 2 » » » ” » » 1.01 | 1.28 » 1.42
No. 3 700 49.7 62 2.34 1 0.114) 0.55 |2.47 | 2.59 2.17 1.19
No. 4 ” » » » ” » 2.45 | 2.63 » 1.21
No. 5 920 50.3 75 3.3710.122] 0.58 |3.20 | 3.52 3.02 1.16
No. 6 ” ” ” ” » ” 3.25| 3.5 » 1.16

* Measured, ** Calculated (19)
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strengths between the binder or mortar
matrix and coarse aggregate is respon-
sible for the foresaid characteristics of

HSC. Tanikawa'? reports that as the
concrete strength increases, the strain

1.0

Fig. 2. Normalized Stress-Strain Curves Calculated from Fig. 1.
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at the maximum stress also increases, but the ductility as well as the relative strain
enregy, m (m=A/4, where 4, and 4 are the strain energies at the strain of ma-
ximum stress and at 10 1073 respectively.) decrease. In the studies by Hiramatsu
and Okada” the similar characteristics of the stress-strain curves of HSC and light
weight aggregate concrete (LWC) are reported. These also account for the pro-
ximity of strength between the mortar matrix and coarse aggregate in those two
types of concrete.

Next, the ultimate flexural moment M ; of a singly reinforced concrete beam
is given by:

k
M, = bdzaw(l——z ) 1
n=9q ik, (1)

In this study, ki, as well as k, were determined from the stress-strain curves of

. . . .k . .
the corresponding concrete specimens, and their ratio, —%-, is shown in Table 1.

. 173
From this table, it is clear that as the concrete strnegth increases, the ratio of k,

to kik; also increases, and therefore is unfavorable to the ultimate moment, as

Load p(t)
@

N

20 40 60
Deflection  §(mm)

)

Fig. 3. Load-Deflection Curves of Beams.
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Fig. 4. Moment-Curvature Curves of Beams.

shown in Eq. 1. Muguruma® has achieved the same result. In his study,
Muguruma indicates that as the strength of concrete becomes higher, its contribu-
tion to the ultimate flexural moment lessens.

On the other hand, the typical lcad-deflection as well as moment-curvature
relations obtained from the tests of beams are shown in Figs. 3 and 4, respectively.
Generally, up to the yilde of reinforcing steel, no differences are observed between
the behaviors of the NSC and HSC-under-reinforced beams. With an increase of
the reinforcement ratio, as shown in Table 1, the yielding load or yielding mo-
ment increases. For the same reinforcement ratio, the ductility of the beam also
increases as the concrete strength increases'®. As mentioned before, the reinfor-
cement index, g, which corresponds to the depth of the neutral axis when the
steel yields and has a direct relation upon the ductility of beams, was chosen as
almost constant in this study. Therefore, regardless of the concrete strength, the
beam’s deflection as well as the curvature increase linearly up to the yield of rein-
forcement. To clarify the behavior of beams made with HSC beyond the yield
of reinforcement, the variation in the relative values of the compressive strain of
concrete (¢/e,,), and of the deflection or curvature (8/3,) or (¢/¢,), each in the
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Fig. 7. Skematical Diagrams of Stress-strain Curve of Concrete and of Load-
Deflection or-Curvature of Beam.
falling branch of Figs. 2, 3 and 4, are compared and shown in Figs. 5 and 6 by
referring to Fig. 7.

From these figures it can be noted that: since the reinforcement ratio, p, is
larger in HSC beams, the relative deflection (6,,/8,) or relative curvature
($100/%,) at the maximum load is smaller compared with those of NSC beams.
These facts confirm the results of the study by Leslie'. Leslie recommends that
for assuring the proper ductility of HSC beams, the reinforcement ratio, p, should
be limited to 0.35p,, where p, is the balanced reinforcement ratio calculated by the

triangular stress block, with the extreme fiber stress at ¢, and the zero stress at

the neutral axis. The ductility index, %‘@-, of HSC beams, as given by Leslie’s

7 g
. . . . . sy
experiments, is reexpressed in terms of the reinforcement index, g, (q =p ),
am

in Fig. 8, including the results of this study. If the increments of the relative

deflection or curvature beyond the yielding load or yielding moment respectively,
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Fig. 8. Ductility Index versus Reinforcement
Index Relationship.

are taken as an index for the ductility of reinforced concrete beams, it is clear
from Figs. 5 and 6 that for the same reinforcement index, the ductility of HSC
beams is lower than that of NSC. However, when compared with the ductility of
plain concrete, (e/e,,), satisfactory ductility is assured for HSC beams. When
considering the reserved ductility byeond the yield of reinforcement, singly rein-
forced HSC beams having a reinforcement index, ¢, of 0.15~0.2, are supposed
to show enough ductility.

Next, the concrete strengths in test series II are shown in Table 3. Typical
load-deflection curves of tested beams without web reinforcement, as measured by

an X-Y recorder, can be divided into three types, which are schematically shown

in Fig. 9.
Ms :diagonal cracking moment
§ Mu :observed ultimate moment
g Mfl :ultimate flexural moment
3
Mt Lo P Tz T3
[} Mu
Ms Ms Mu
[o] 0 [} Def.(§)

Fig. 9. Typical Load-Deflection Curves of Beams without Web
Reinforcement.

Type 1. For beams with a shear span to depth ratio (a/d) of less than 2, the
inclined crack was generally generated following the occurrence of one of the
flexural cracks. This crack extended almost vertically from the extreme tensile
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fiber of the beam to just above the reinforcement level, and then progressed toward
the nearest applied loading point. After the formation of the diagonal crack, a
sudden fall in the applied load was observed, but failure of the beam was avoided
by the arch action of the web concrete. As the load increased again, the inclined
crack propagated downward, meeting the reinforcement, and in some csaes ex-
tended along the reinforcement toward the support. After the formation of this
secondary crack, failure was caused because of either a diagonal compression crush-
ing or a splitting of the concrete. In most of the beams, flexural capacity was
reached.

Type 2. For beams with 2=<4/d <3, and a higher percentage of reinforcement
than in type 1, the inclined crack was formed directly in the shear span. Then,
with a small increase in the load, it extended both toward the applied loading
point and along the level of reinforcement. In most cases the failure was very
sudden, and flexural capacity was not reached.

Type 3. For beams with af/d=3, no distinctive inclined cracks were formed.
Just prior to failure, the flexural cracking spread to the shear regions, but failure
occurred in the section of maximum moment. Flexural capacity was attained in
most beams. .

All the beams which were reinforced in the web against shear, failed in flexure.

Concerning the characteristics of load-deflection curves, no appreciable dif-
ference could be found between the behaviors of HSC and HSC beams in this test
series.

As to the strength of beams, generally, from the viewpoint of the design of
beams without web reinforcement, the inclined cracking load is considered as the
ultimate capacity’®. However, as mentioned above, in beams with a relatively
small a/d, a further increase in the load carrying capacity can be expected even
after the formation of the inclined cracks. Therefore, in this study, the effects of
differnet factors are discussed on both the formation of the inclined crack and on

the ultimate strength of beams.

a/d Effect

The nominal shear stress at the inclined cracking load (z,), as well as at the ob-
served ultimate load (r,), for beams of group 1 (Series IT) are shown in Figs. 10 and
11. Shown in Fig. 12 is the relation between a/d and Mu/Mfl where Mu is the ob-
served ultimate moment of beams without web reinforcement, and M{fl is the ul-
timate flexural moment obtained from the beams fully reinforced against shear in
the web. Fig. 10 shows that as a/d increases from 1.5 to 2.5, 7, decreases almost

linearly in HSG as well as in NSC beams regardless of the reinforcement ratio.
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Beyond a/d=2.5, no appreciable variations in 7, value are noted.

For the same reinforcement ratio, 7, of HSC beams is about 1.4 times as
high as that of NSC beams. This value corresponds almost to the ratio of the
tensile strengths of these two types of concrete. On the other hand, it can be seen
from Figs. 11 and 12 that the 7,- and Mu/Mfl-a/d relationships show a relatively
large scattering, especially in HSC beams. z, as well as Mu/MJl values sharply
decrease when a/d increases from 1.5 to 2.0.

For a/d=3.0, as mentioned before, the beams were fully reinforced in the
web in order to obtain the ultimate flexural moment expermentally. Therefore,
some increase in 7, and Mu/Mfl values are noted when a/d increases from 2.5 to
3.0.

When taking into account the effects of shear reinforcement in beams with
a/d=3.0, the above results agree with those obtained by Kani'® and Leonhardt’®.

The same results were obtained from the beams in group 2.

Effect of Reinforcement Ratio
The effects of the tensile reinforcement ratio, p, on 7, and r, are shown in Figs.
13 and 14, respectively. These figures show that as the reinforcement ratio in-
creases, r, and 7, increase almost linearly in HSC beams as well as in NSC
beams. Hofbeck and Mattock!” obtained similar results.

Size Effect

The size of a beam’s section seems to have some influence on its r,-value. For



Strength and Ductility of Reinforced High Strength Concrete Beams

315

|
A5 NSC a/d HSC
M ° 1.5 °
/ a 20 A
30 % ;25 v
/828 . o 30 =
" a/d=2.5 X with web reinforcement
L
o = 0/d=3.0 HSC
E . ---—~ NSC
3 20 - PR, .
= \ 18=29-~77, o g0
- 0,6’ B i o= ’les:i‘b_—_—
® —‘:::-:::- === 073225
27’——" v
10
! I
084 1.0 1.49 20 234 30 337 40 P(%)
Fig. 13. 7, versus p.
90 °
—— HSC
~—-- NSC
80r  Nsc ad HsC .
o |5 e /
70} A 20 &
v 25 v W\?D
o 30 s xwith web S
60 reinforcement
<% 7| .
(3] s L ~~
< \f—}/ S~
g 401 0'6:’, 6¢'L0 /¢ 5\‘ /
, / 22,
" 50 ad 820 i
1+ ———_”_,41‘ a v
0/8=20- W »-—“'%
2o}  TaS- s
&T6/8-2>
10}
1.0 20 3.0 4.0
P(%)
Fig. 14. 7, versus p.

example, Fig. 15 shows the relationship between the effective depth, d, and the

shear stress at the inclined cracking, r,, obtained in beams having the same width

and almost same re

on r,, although not

inforcement ratio.

so clearly.

This figure indicates that z, is larger in
both HSC and NSC beams having a larger depth. This tendency is also observed

the effective depth increases, as shown in Fig. 16.

On the other hand Mu/MJfl generally decreases as
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Mu/Mfl sharply falls as the depth of the beams increases.
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beams in this study.
Considering the difference in the reinforcement ratio, Kanis’ suggestion could
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give a good approximation to the results of this study.

Kani'® reports that
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8. Conclusions

In this study, the strength and behavior of reinforced concrete beams made
with HSC were investigated through comparison with NSC beams. The following
results were obtained.

(1) As the concrete strength increases the strain at the maximum stress also in-
creases, and the descending rate of stress beyond the maximum stress becomes
remarkable.

(2) HSC is not as ductile as NSC, but when it is used in reinforced concrete
beams, HSC beams can show more ductility than might be expected from the
plain concrete itself.

(3) As the shear span to depth ratio increases up to about 2.5, the shear stresses
at the formation of the inclined crack and at the ultimate strength, as well as Mu/
M{fl values decrease.

(4) For the shear span to depth ratio of less than about 2, both in HSC beams
as well as in NSC beams, a remarkable increase in the load carrying capacity

could be expected even after the formation of the inclined crack.

(5) As the tensile reinforcement ratio increases, the shear stresses at the formation
of the inclined crack as well as at the ultimate strength increase.

(6) As the depth of the beam increases, the shear stress at the formation of the
inclined crack as well as at the ultimate strength also increases, but Mu/Mfl de-
creases.

(7) When all other factors are kept constant, the shear stress at the formation of
the inclined crack for HSC beams is about 1.4 times as high as that of NSC beams,
but this ratio drops to 1.1 to 1.2 for the ultimate shear stress.

References

1) Ben C. Gerwick: J. of PCI, Vol. 23, No. 6, Nov./Dec. 1978.

2) J. Murata and Y. Tomita: Cement. Concrete, No. 388, June 1979.

3) F. Machida, S. Nakahara and T. Hirose: Prestressed Concrete, Vol. 16 No. 4, Aug. 1974.

4) Y. Miyazaka: Concrete Engineering, JCI, Vol. 14, No. 3, July 1976.

5) T. Kondo, W. Koyanagi and K. Kodama: J. Soc. Mat. Sci. Japan, Vol. 24, No. 260, May
1975.

6) K. Kodama, N. Fukuma and K. Goshokubo: J. Soc. Mat. Sci. Japan, Vol. 22, 232, Jan.
1973.

7) Y. Hiramatsu, K. Okada, Y. Oka and W. Koyanagi: J. Soc. Mat. Sci. Japan, Vol. 24, No.
260, May 1975.

8) H. Muguruma and S. Tanaka: Cement Gijutsu Nsmpo. The Cement Assoc. of Japan, Vol.
28, May 1973.

9) H. Matsumoto and H. Ishida: 31st Annual Conf. Japan Soc. Civ. Eng. Oct. 1976.

10) K. Okada: J. Soc. Mat. Sci. Japan, Vol. 18, No. 187, April 1969.

11) K. Tanikawa, Y. Kosaka and K. Yamada: Cement Gijutsu Nempo, The Cement Assoc. of



318 Kiyoshi Okapa and M. Azam Az

Japan, Vol. 29, May 1977.
12) K. Ogura: J. of Arch. and Buil. Sci. Arch. Ins. of Japan, Sep. 1971.
13) K. Leslie; K. Rajagopalan and N. Everard: J., ACI Sep. 1976.
14) R. Park and T. Paulay: Reinforced Concrete Structures, John Wiley & Sons, Inc. 1975,
15) G.N.J. Kani: ACI J. April 1969.
16) F. Leonhardt: Mag. of Conc. Research. No. 53, Dec. 1965.
17) J.A. Hofbeck, A.H. Mattock: J., ACI Feb. 1969.
18) G.N.J. Kani: J., ACI March 1967.
19) K. Okada: Reinforced Concrete Engineering, Asakura Shoten, Nov. 1972.



