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ABSTRACT : Recently in Japan, to realize construction of super high-rise and lightweight reinforced concrete
buildings, the synthetic research project on ultra—high strength reinforced concrete structures has started under the
leadership of the Ministry of Construction. A study on the shear strength of ultra-high strength reinforced concrete
columns was conducted by the authors as a link in the chain of the project. Six column specimens using high
strength concrete of 120 MPa grade and high strength longitudinal reinforcing bars of 700 MPa grade were tested.
The variables investigated were the quantity and yield stress of transverse reinforcement and the level of axial load
applied. The test results are described in this paper. The ultimate shear strength for each column calculated using
the shear design equation in the Al design guidelines is compared with the test results, and the applicability of the
design equations for ultra—high strength reinforced columns is also discussed.

1 INTRODUCTION

Recently in Japan, comprehensive experimental and
analytical investigations have started in order to devel-
op design and construction procedures for ultra-high
strength reinforced concrete buildings. A study on the
shear strength of ultra—high strength reinforced con-
crete columns was conducted by the authors as a link in
the chain of their investigations. Six column specimens
using high strength concrete of 120 MPa grade and high
strength longitudinal reinforcing bars of 700 MPa grade
were tested. The variables investigated were the quanti—
ty and yield stress of transverse reinforcement and the
levels of axial load applied.

This paper presents the test results. The following
items are also examined.

1) Applicability of the shear design equation in the
AlJ design guidelines, Design Guidelines for Earth-
quake Resistant Reinforced Concrete Buildings Based
on Ultimate Strength Concept (1990), for reinforced
concrete columns using high strength concrete of
0p=120 MPa grade.

2) Adequacy of adopting the transverse reinforcing
stress, p,,0,,,, as an index of the estimation of transverse
reinforcement for reinforced concrete columns using
high strength concrete and transverse reinforcement.

2 TEST PROGRAM AND SPECIMENS

Six specimens of about one-third scale were prepared,
representing an inner column in the first story of a
high-rise building. The dimensions and details of the
specimens are shown in Fig.1. All columns had a
section that was 300 mm square and 900 mm height.

The longitudinal reinforcement in each column consist—
ed of twelve 19 mm diam SD70 grade (0,=736 MPa)
deformed bars arranged symmetrically around the
perimeter to give a total reinforcement ratio, Py=3.83%.
All columns had three overlapping transverse reinforc—
ing bars (hoops) per set : one square peripheral hoop
and two rectangular overlapping interior hoops. The
spacing of transverse hoop reinforcement was 80 mm.
The arrangements of hoop steel are considered to be
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Fig. 1 Typical details of test specimens
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logical arrangements for twelve longitudinal reinforcing
bars as shown in Fig.1. And then individual hoop had
a welding connection in the middle of the longer span.

The test program is shown in Table 1. Mechanical
properties of the materials are also listed in Table 2.
The main variables investigated were the quantity and
yield stress of transverse reinforcement and the level of
axial load applied. The transverse reinforcing bars used
were 10 mm diam SD35 grade (0,,=407 MPa) for
specimens C61 and C31, 6 mm diam SD80 grade
(0,,=735 MPa) for specimens C62 and C32, and 10
mm diam SD8C grade (q,,=766 MPa} for specimens
C63 and C33, respectively.” The transverse reinforcing
stress level as expressed by p,0,, was 4.85 MPa for
specimens C61 and C31, 3.92 MPa for specimens C62
and C32, and 9.13 MPa for specimens C63 and C33,
respectively. The applied axial load level as expressed
by the ratio g,/o5 was 1/6 for specimens C61, C62 and
C63, and 1/3 for specimens C31, C32 and C33, respec~
tively.

The concrete compressive cylinder strength at the
stage of testing the specimens was 113.8 MPa. The
concrete mixing with silica cement was normal weight,
with a water cement ratio of 20% and a maximum
aggregate size of 13 mm.

The test specimens were loaded by axial compres—
sion on the centrally loaded column and by repeatedly
applying anti-symmetric bending moments of equal
magnitude at both ends with controlled horizontal
displacement (1987). The controlled horizontal dis-
placements were the displacements at which the diago-
nal tension cracking occurred and corresponding to the
story drift angles, R of 0.01 and -0.01 rad., respective—
ly. The story drift angle, R is the angle formed by
horizontal displacement between ends of the column,
900 mm.

3 TEST RESULTS
3.1 Load-displacement behavior

Applied shear force versus story drift responses for
each specimen are presented in Fig.2. The sloping
lines included in each figure indicate the theoretical
flexural strength calculated using the concrete S-S
model proposed by Fafitis and Shah (1985) (shaded
line), the theoretical shear strengths calculated using the
A and B methods of the AIJ design guidelines men-
tioned later (solid and chain line), and the P-A effect
(dotted line), respectively. The white and black trian-
gles on the envelope curves indicate the points at which
the diagonal tension cracking occurred and the maxi-
mum shear capacity of the column was attained, respec—
quly. The measured strengths and theoretical predic-
tions of each specimen are listed in Table 3.

Ip all specimens, the maximum shear capacity was
attained after some cracks occurred in the order of
flexural cracking and diagonal tension cracking in the
both top and bottom one-third regions of the column.
After that, shear cracks expanded to the whole of the
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Table 1 Summary of test program

Axial stress ||Transverse Reinforcement
Specimen o, |ajog Py o, POy
) @) _| #iPo) | MP)
Cc61 119 407 4.85
C62 18.96 | 1/6 0.53 735 | 3.92
C63 119 766 | 9.13
c31 119 407 4.85
C32 3792 | 13 0.53 735 3.92
C33 119 766 9.13
Table 2 Material properties (unit: MPa)
Compressive Strength : og | 113.8
Concrete Tensile Strength : o, 4.8
Long. Reinf. || Yield Stress : o, D19 | 736
D10 | 407
Trans. Reinf. || Yield Stress : 0, D8 | 735
D10 | 766

column. The typical shear failure mode was observed
in specimens C62, C31 and C32. The flexural-shear
failure mode was also observed in specimens C61, C63
and C33. Little differences of the diagonal tension
cracking load and displacement were shown between
the specimens subjected to the same axial load. The
first diagonal tension cracking occurred at the story
drift angle of about 0.006 rad. with the load of about
500 kN in specimens C61, C62 and C63. In specimens
C31, C32 and C33, on the other hand, it occurred at
about 0.007 rad. with about 750 kN.

After the diagonal tension cracking, behavior of the
columns was considerably affected by the level of axial
load applied and the quantity and yield stress of trans—
verse reinforcing bars. The maximum shear capacities
of the columns were attained at the story drift angle of
about 0.025 rad. for specimens C61, C62 and C63,
which were the applied axial load level, o,/05 of 1/6.
On the other hand, for specimens C31, C32 and C33
subjected to higher axial load, 0,/05 of 1/3, the maxi-
mum shear capacities were attained at the angles of
0.013, 0.016 and 0.025 rad., respectively. From the
comparison between specimens C61 and C62 or speci—
mens C31 and C32, it was indicated that the columns
using the normal strength transverse reinforcement had
higher capacity and stiffness after the cracking than the
columns using the high strength one, if the level of
transverse reinforcing stress, p,,0,, was almost the
same. It can be.considered as the reasons that the
shear transferring capacity between cracks in the
columns using the high strength transverse reinforce-
ment becomes less than that in the columns using the
normal strength one, because the width of cracks is
more expansive. Specimens C63 and C33 which were
the level of transverse reinforcing stress of 9.13 MPa
showed relatively ductile behavior without large dete-
rioration in load carrying capacity after the attainment
of the maximum capacity with increase of the story



Table 3 Experimental results and comparison with predictions for each specimens

Diagonal Tension Cracking Maximum Shear Strength
Specimen Meas. Theo. | Meas. Meas. Theo.” (kN) Meas.Jmin(Vy, V s)
(kN) [(rad.)] | (kN) | Theo. || (kN) [(rad)] | Vi [ Vsq4 | Vsp |4 Method I B Method
—C61_|[ 4982 [0.0064] ] 0.776 |[932.6_[0.0249] | [619.8 | 1013.0] 1.505 [S] | 0. )
C62_ |[ 5315 [0.0061] | 642.4 | 0.827 || 797.3 [0.0226] | 961.1|557.0 | 977.7| 1431 [S]
63 || 490.3 [0.0050] 0.763 || 912.0 (0.0256] 8738 | 1173.9| 1.044 [S]
C31_ || 804.1_0.0074] 0.934 || 9424 _[0.0131] 619.6 |1013.0] 1.520 (5] | 0.930 131_
C32 738.4 [0.0073] | 861.2 | 0.857 || 839.4 [0.0162] | 1049.3 | 557.0 | 977.7|1.507 [S] 0.859 [S]
C33 774.7 [0.0070] 0.900 || 1019.9 [0.0249] 873.8 |1173.9| 1.167 [S] | 0.972 [F]

* Vy: Flexural Eq.,, Vg, : A Method, Vg : B Method
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Fig. 2 Applied shear-story drift responses of columns

drift angle. Then in their specimens, crushing and  strengths calculated using the A and B methods of the
spalling of the shell concrete occurred finally in the  AlJ design guidclines.
both top and bottom of the column.

In specimens C61, C63 and C33, the maximum
shecar capacity did not slightly cxceed the theoretical
flexural strength caleulated although yiclding of longi-
tudinal rcinforcing bars was obscrved in the top or
bottom of the column. The maximum shecar capacity
of all columns was also between the theorcetical

3.2 Stress distributions of transverse reinforcement

Fig.3 shows the stress distributions of transverse rein-
forcement in cach specimen calculated from strains
mcasurcd clectrical resistance gauges.  The circles,
triangles and quadrangles in cach figurc indicate the
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Fig. 4 Comparison of calculated and observed
daiagonal tension cracking load

stresses at the occurrence of diagonal tension cracking,
the story drift angle of 0.01 rad. and the attainment of
maximum shear capacity. The chain lines also express
the yield stress of transverse reinforcing bars.

Little differences in the stress distributions of the
transverse reinforcement at the diagonal tension crack—
ing were shown when the columns were subjected to
the same level of axial load applied. However, at the
story drift angle of 0.01 rad., the stress levels of indi—
vidual hoop in specimens C62 and C32 using the high
strength bars were respectively about two times those in
specimens C61 and C31 using the normal ones, al-
though the tensile force contributed per a hoop was
nearly equal. It was indicated that the strain level of
the transverse reinforcement after the cracking was
much different between the columns using the high and
normal strength bars even if the transverse reinforcing
level as expressed by PwO,, was the same. These re~

sults correspond to the above mentioned results that the
shear transferring capacity between cracks has reduced
in the columns using the higher strength transverse
reinforcement because of the larger cracking width.

For specimens C61, C62, C31 and C32, yielding of
the transverse reinforcement was observed at the at—
tainment of maximum capacity, disregarding the differ—
ence of the yield stress. On the other hand, for speci-
mens C63 and C33 which are observed yielding of the
longitudinal reinforcing bars, the transverse reinforcing
bars were not yielded at the attainment of maximum
capacity. Namely, these results indicated that the ap—
plied shear was effectively contributed by the trans—
verse reinforcement for the specimens failing in shear.

4 COMPARISON OF TEST RESULTS WITH
ANALYTICAL PREDICTIONS

4.1 Diagonal tension cracking load

In Fig.4, the diagonal tension cracking stresses for each
specimen are plotted and compared with the theoretical
predictions calculated using the elasticity as expressed
by the solid line. The experimental and theoretical
values for each specimen are already listed in Table 3.
The theoretical diagonal tension cracking stress, t, of
the columns can be obtained from the well-known rela~
tionship

7,=vV0,0,+02 1)
where 0, is the axial stress applied and o, is the tensile
strength of concrete (o, = 4.8 MPa).

Approximate agreements between the experimental
and theoretical values are exhibited for all columns
regardless of the level of axial load applied, although
they have a tendency that the experimental results are
less than the theoretical predictions. Also the predic~
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tions for the inclination of cracks obtained from the
eldsticity agree with the experimental results approxi-
mately. These results indicate that the diagonal tension
cracking stress of the columns using ultra—high strength
concrete of 120 MPa grade can be estimated by Eq.(1)
obtained from the elasticity.

4.2 Ultimate shear strength

In recent years, new seismic design guidelines called
"Design Guidelines for Earthquake Resistant Rein~
forced Concrete Buildings Based on Ultimate Strength
Concept (1990)" was completed by the AIl. A new
shear design equation for reinforced concrete members
based on the lower-bound theorem in the limit analysis
procedure was also given in the design guidelines. The
most significant characteristic of the equation is that iis
solutions are obtained by cumulating data on the
strength of two types of shear resistant mechanisms, the
truss mechanism and the arch mechanism, as illustrated
in Fig.5. The equation is given as follows.

V,=V,+7,
= by P, O, cotd + tand(1-f)b-Dv-ap  (2)

V, = shear contributed by the truss mechanism

V, = shear contributed by the arch mechanism

b = width of the member

D = depth of the member

J. = distance between the compressive and
tensile reinforcement

D,, = ratio of transverse reinforcement
[=a,/®S) ]

a,, = area of transverse reinforcing bars within
a hoop spacing of S

B =ratio of compressive stress of concrete
struts in the truss mechanism to effective
compressive strength of concrete, v-oy

¢ = angle of inclination of concrete struts in
the truss mechanism

6 = angle of inclination of a concrete strut in
the arch mechanism

v =factor of effective compressive strength
of concrete

Op = concrete compressive cylinder strength

0,,= yield stress of transverse reinforcing bars

[ 2400 = 0,,, < 25-05 (unit : kgf/cm?) ]
In the design guidelines, two methods which are the

A and B methods are prepared for the shear design

equation, Eq.(2). For the A method, the following

values are taken on factors in Eq.(2).

where

tan® =V /D) +1 - L/D (3a)
B =1+ cor2p)p,0,.,/(vop) (4a)
v =0.7 - 05/2000 (unit : kgf/cm?)  (5a)
cotp = min(cotp,, cotp,, cotp;) =1.0  (6a)

where cotg; = 2.0 [¢p=26.6°]
cotp, = j,/(D-tanb)

cotps =V v-op/(p,, ) =

L = length of the member
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Fig. 5 Shear resistant mechanisms assumed in
the shear design equation

On the other hand, the following values are used for
the B method.

tanf =Y (ZMIQD)2+ I - 2-M/QD (3b)
B= 2p,’0,,/(v-Cp) (4b)
v=(2MQD +1)}4 [05=sv=<I1] (5b)
cotdp = 1.0 [¢=45°] (6b)

where M/QD = ratio of shear span

Applicability of the shear design equation for the
columns using ultra~high strength concrete of 120 MPa
grade is examined here, though it can be applied to only
members with concrete strengths of ranging from 20.6
to 35.3 MPa (210 to 360 kgf/cm?) in the design guide~
lines. In examinations, Eq.(5a) which expresses the v
factor in the A method is changed to Eq.(7) which is the
CEB proposal in the phase of drafting the model code
(1987), because the value calculated using Eq.(5a) is
obviously small for concrete of 120 MPa grade.

v =170y (unit : MPa) @

Fig.6 compares the measured and predicted ultimate
shear strengths for each specimen. The figures are
expressed by the maximum shear stress versus trans—~
verse reinforcing stress relationship in each level of
axial load applied, and include the theoretical lines
indicating the shear strengths calculated using the A
and B methods (solid and chain lines) and the flexural
strength (shaded line). The experimental and theoretical
values for each specimen are already listed in Table 3.

Note that the theoretical strength of the columns is
given by a minimum value between the flexural and
shear strength, Vfand V,, as indicated in Table 3. The
theoretical strength of all specimens is given by the
shear strength when the A method is used. In the case
of using the B method, it is given by the flexural
strength for specimens C61, C62, C63 and C33, and the
shear strength for specimens C31 and C32, respective~
ly. The experimental strength of all specimens is



between the theoretical strength calculated using the A
and B methods. However, it can be considered that
predictability of the B method is better than that of the
A method, considering that yielding of longitudinal
reinforcing bars has been observed in specimens C61,
C63 and C33.

The shear strength measured for specimens C62 and
C32 which used the high strength transverse reinforce—
ment was obviously less than that for specimens C61
and C31, though the level of transverse reinforcing
stress, p,,0,,, Was almost the same, as shown in Chapter
3.1. Itis indicated that the effect of transverse rein—
forcement on the ultimate shear strength of ultra-high
strength reinforced concrete columns can not be appro-
priately estimated by only the index of p,,0,,, in the both
A and B methods. To apply the shear design equation
in the AlJ design guidelines to ultra-high strength
reinforced concrete members, the factor of effective
compressive strength of concrete used to the macro-
scopic models assumed should be appropriately esti—
mated for high strength concrete, and the yield stress of
transverse reinforcement used to the equation should
be set on an upper limit considering the width of cracks
and the transverse strain of the members.

5 CONCLUSIONS

From the experimental and analytical results on the
shear strength of ultra~high strength reinforced con-
crete columns presented above, the following conclu—
sions can be drawn :

1) The diagonal tension cracking load of ultra~high
strength reinforced concrete columns increases in
proportion as the applied axial compression in-
creases and can be estimated by using the elasticity.

2) The ultimate shear strength of such columns de-
creases according as the level of transverse reinforc—-
ing stress decreases and the applied axial compres—
sion increases.

3) Columns using the normal strength transverse rein—
forcement have higher capacity and stiffness after
the cracking than columns using the high strength
one, if the level of transverse reinforcing stress,
PO, is the same.

4) Predictability of the shear equation using the B
method is better than that using the A method for
ultra-high strength reinforced concrete columns.

5) To apply the shear design equation in the AlJ design
guidelines to ultra-high strength reinforced concrete
members, the factor of effective compressive
strength of concrete and an upper limit of the yield
stress of transverse reinforcement used to the equa-—
tion should be examined in more detail.
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