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ABSTRACT :

In this study, we experimented on 20 RC columns with low strength concrete (LSC) of 5, 10 and 15 N/mm®
grade. The test specimens were experimented under constant compressive load and controlling the lateral
displacement angle. The test specimens with round main reinforcements did not brake with shear failure due
to very small bond stress of the main reinforcements, and a state of the shear compressive failure by the
slippage compressive failure on the diagonal of the concrete appears conspicuously. Therefore, the
relationship between shear load and the lateral displacement angle showed a property of ductility without the
yield strength deterioration to 0.032 rad after maximum load although it almost showed the hysteresis curve of
a remarkable reverse S-shaped. The maximum strength obtained from by a plasticity theory considering of a
truss mechanism and an arch mechanism.
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1. INTRODUCTION

Seismic diagnosis and seismic retrofit of the existing buildings are performed nationwide in Japan. The
seismic diagnosis revealed that there were many buildings of the low strength concrete (LSC) less than 13.5
N/mm* were found. That becomes the social problem how seismic performances for the buildings were
secured with seismic retrofit. However, each the evaluation organization racks its brains about the
correspondence because there are few studies about LSC. Seismic diagnosis method and the seismic retrofit
technique for LSC are demanded socially by such present conditions. Table 1 shows concrete compressive
strength of school building in a prefecture. Although this figure shows limited area in Japan, it is a problem
that such buildings of concrete compressive strength less than 12 N/mm? exist, in spite of 12 N/mm” as lowest
concrete compressive strength in Japanese Building Standard Act.

Seismic Evaluation Standard for Existing Reinforced Concrete Structure published from The Japan Building
Disaster Prevention Association establishes the concrete compressive strength of buildings is applied to 13.5
N/mm?® or more.[1] The one of the reasons is that there are not enough studies although some experimental
studies have been made on LSC. Therefore, the performance of members of the LSC is not clear. [2]-[6]
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Fig. 1. Distribution of Concrete Compressive Strength
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2. OUTLINE OF TESTS

World Conference on Earthquake Engineering

The total number of 20 test specimens divided into 4 groups as Table 1, 16 test specimens are non-retrofit

columns and 4test specimens are retrofitted columns by carbon fiver sheets.

The experimental parameters but

Table 1. Outline of Tests
Axial Force
Group | Column |~ Name of C(?n?nf;:;ieve Longitudinal Rein?cl)lriikent Ratio Cal;sz)]relrF(;lf)er
No. No. Specimens P Reinforcement .
Strength, op Ratio, py [%] | N/ (bD -0Op ) Sheets
1 L05200 0
2 L05220 0.21 0.2
3 L05240 0.4
I 4 L05400 3.7 16¢ 0 none
5 L05420 0.42 0.2
6 L05440 0.4
7 L10200 0
8 L10240 160 0.21 0.4
9 L.10400 0
II 10 L10440 12.3 0.42 0.4 none
11 DL10200 0
12 DL10240 D16 0.21 0.4
13 1£1024Cl1 160 0.5 layer
14 L1024C2 2 layer
III 9.4 0.21 04 ——
15 DL1024Cl1 DI6 | 0.5layer
16 DL1024C2 2 layer
17 L15200 021 0
18 L15240 ' 0.4
I 13. 1
v 19 L15400 39 6¢ 02 0 rone
20 L15440 ) 04
Anchor Plate Table 2. Concrete Mixture [kg/m’]
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Fig. 2. Test Specimens [unit: mm] Fig. 3. Stress-Strain Relations for Concrete



th
The 14 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

concrete compressive strength are kinds of longitudinal reinforcements, shear reinforcement ratio, axial force
ratio and layer of carbon fiber sheets. Most of parameters are chosen to compare with other test results of
columns with normal compressive strength at Dr. MINAMI Laboratory.

Fig. 2 shows vertical and cross section of non-retrofit specimens, one of the notable features of this study is
experimenting columns with not only deformed bars as longitudinal reinforcement but also round bars because
the school buildings of LSC before 1965 have used round bars as longitudinal reinforcement. Deformed bars
(D6) are used as shear reinforcement of all columns so that round bars (6¢) were unavailable.

The stress- strain relations for concrete by concrete mixture in Table 2 appear in Fig. 3. Each curve in Fig. 3 is
the relation of the first test specimen in each group.

The loading rule experimented on by 0.2x107 rad by the same displacement amplitude to 3.2x107 rad twice.

3. TEST RESULTS

3.1. Final Failure Situation

Some photos of final failure situation of test specimens are shown in Photo. 1. The test specimen in (a), (b),
(c) and (e) is used round bars as longitudinal reinforcement, in (d) and (f) is used deformed bars. The test
specimens in Photo. 1 (a)-(d) are non-retrofit columns and (e) and (f) are retrofitted columns which winded up
carbon fiber sheets.

The shear cracking width did not grow up in final displacement amplitude although the test specimens with
round bars occurred to shear cracking, the test specimens finally collapsed by shear compressive failure with
crashing of concrete of the end.

The test specimens with deformed bars occurred to shear cracking at central part and shear bond splitting
cracking along longitudinal reinforcement, the test specimens finally collapsed by shear bond splitting failure
with concrete flaking away.

The failure of the test specimens with round bars is different from that with deformed bars.

The retrofitted test specimen with round bars in Photo. 1 (e) hardly changed on surface until the last
displacement amplitude, and which with deformed bars in Photo. 1 (d) gathered on carbon fiber sheets and
occurred cracking after attaining the maximum strength. It was the notable feature of this test specimen with
deformed bars and carbon fiber sheets of 0.5 layer that the cracking grew on carbon fiber sheets then carbon
fiber sheets exfoliated with inside concrete.

3.2. Hysteresis Curve

Each sub caption of hysteresis curve in Fig. 3 is same as that in Photo. 1, axial force ratio of all test specimens
in Fig.3 is 0.4.

3 columns in Fig. 3 (a)-(c) are non-retrofit and used round bars as longitudinal reinforcement, the difference of 3
is concrete compressive strength. It is the feature that the decreased strength after the maximum strength
became big so that concrete compressive strength is high, however the ratio of decreased strength of columns
with round bars is smaller than that with deformed bars in Fig. 3 (d).

Regardless of the kind of the longitudinal reinforcement, the decreased strength of the retrofitted columns tend
not to occur than which of non-retrofit columns.

3.3. Envelope Curve

The axial force ration in Fig. 4 (a) is 0, in Fig. 4 (b) is 0.4, the difference is concrete compressive strength.

It is admitted that the maximum strength rises if concrete compressive strength becomes high, the test
specimens of axial force ratio 0 hardly occurred the decreased strength until the last displacement amplitude,
and the test specimens of axial force ratio 0.4 tended to become big decreased strength after attaining the
maximum strength.

The retrofit effect was shown clearer to the column with deformed bars in Fig. 4 (c) than that with round bars in
Fig. 4 (d). Then, it was found from the result that the decreased strength hardly occurred after the maximum
strength when layer of carbon fiber sheets increased.
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Fig. 5. Envelope Curve for Positive Loading

3.4. Tensile Stress on Shear Reinforcement

Fig. 6 shows that the mean of & and &, the measured tensile stress on shear reinforcement divided by the yield
stress each P direction (an orthogonality direction of the action shear load) and S direction (a same direction of
the action shear load), in displacement amplitude of 0.20x107 rad, 0.60x10? rad, 1.00x10 rad and the
maximum loading. &p tend to increase with increase of the displacement amplitude, column no. 11 takes the
maximum &p value of all columns, however to be the maximum is around 0.4, and the value is not a big value
compared with studies of past. On the other hand, although the value of &g is higher than the value of &p, the all
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shear reinforcements of columns did not yield. It is important that it should not presuppose that shear
reinforcement yield in the evaluation of the ultimate strength.

4. EVALUATION BACED ON THE PLASTIC THEORY

We try the evaluation of the ultimate shear strength of the LSC columns based on Chapter 6 of Design
Guideline for Earthquake Resistant Reinforced Concrete Buildings Based on Ultimate Strength Concept
published in 1990. [10]

At first, the shear resistance mechanism is the model of allowing mixture of the truss mechanism and the arch
mechanism, the strength of the truss mechanism is decided by the bond stress on longitudinal reinforcement.
Assuming that the angle of inclination of the unyield shear reinforcement is 45° for transmitting the bond stress,
the concrete compressive strength oy is kept in the concrete compressive field in Fig. 7. Then Qy, the ultimate
shear strength of the bond stress, is evaluated by Eq. (1).

Qut =Tuwo 'Z(P'D (1)
.A-E
o 2)

where, Ty, =
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g strain, A: area of longitudinal reinforcement[mm?],
E: Young’s modulus, £ : bond splitting length[mm],
¢: perimeter of longitudinal reinforcement[mm]

in addition, for establishing the mechanism, the width b, of concrete compressive field is given by Eq. (3).

bo=2- 2.3 (3)

OB

It is assumed that the arch mechanism in Fig. 8 is constituted when the resultant uniaxial compressive stress,
G,, of the normal stress, o,, both uniformly distributed over the compression region at both ends of the
reinforcement-less concrete with the width b, which is the remaining width used for the arch mechanism and
given by Eq. (4), are produced in the direction that is off from the member axis by the angle of 6. Further,
the maximum shear resistance of the arch mechanism is assumed to take place when the above-mentioned
resultant stress, 6,, reaches o, when the shear strength, Qu,i, can be expressed by Eq. (5).

b, =b—b, “4)

2
Quu= J“(nj ~4eny’ —( n j = (5)
cp cyo 2

where, m=h/D

no:\/3\/nz+nz /1+n2 +3\/n2_n2 1+n2
¢ 2

2

(6)

The Qqu» is given by superposition of Qu; and Qa1 by Eq. (7).
Qsu2 = Qut +Quar (7)
Furthermore, the confined effective for concrete as & given by the measured tensile stress on shear

reinforcement is evaluated by Eq. (8). [11]

o =h-Op ®)

Pw "iP *Owy

— - = 9
i, )

where, A=1+2.05

Let o' be op in Eq. (5), the strength of the arch mechanism considered the confined effective for concrete is
given by Eq. (10). [11] (Fig. 9)

Quaz =2 Qual (10)

Then, the ultimate shear strength Qg3 is given by superposition Qy, and Qua, by Eq. (11)

Qsuz = Qui + Quaz (11)

The provided calculated results are shown in Table 3 and Fig. 10 by the above-mentioned equations.
Assuming that the shear resistance mechanism is only arch mechanism, the calculated ultimate shear strength
does not correspond to the experimental strength well. Especially, the ultimate shear strength of columns
with deformed bars is evaluated lower than the experimental strength. Assuming that the shear resistance
mechanism is the superposition of the arch mechanism and truss mechanism, the calculated ultimate shear
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Table 3. Ultimate Shear Strength

Experimental Strength Calculated Strength Based on the Plastic Theory
Column | Name of Test | psitive Load | Negative Load Q Q Q A
No. Specimen Qwuo Qwuo sUl sU2 sU3
[kN] [kN] [kN] [KN] [kN]
1 L05200 69.0 -62.0 36.8 61.8 64.8 1.08
2 L05220 65.9 -69.0 37.5 63.0 65.0 1.05
3 L05240 65.4 -69.4 40.0 67.2 70.1 1.07
4 L05400 61.3 -58.5 32.1 54.0 57.6 1.11
5 L05420 74.2 -63.7 343 57.6 60.0 1.07
6 L05440 78.1 -74.8 35.0 58.8 66.0 1.19
7 L10200 117.6 -134.0 115.9 194.8 197.5 1.02
8 L10240 160.8 -154.0 119.9 201.4 204.4 1.02
9 L 10400 144.1 -137.8 112.0 188.1 193.8 1.05
10 L£10440 142.9 -138.8 116.6 195.9 197.9 1.02
11 DL10200 160.1 -161.2 121.2 220.3 221.5 1.01
12 DL10240 212.5 -206.6 123.2 2233 224.1 1.01
13 L1024Cl1 171.4 -143.2 83.6 140.4 141.0 1.01
14 L1024C2 154.4 -141.4 84.7 142.4 143.9 1.02
15 DL1024Cl1 164.8 -161.6 86.5 169.2 172.3 1.04
16 DL1024C2 206.7 -206.1 88.3 181.9 183.9 1.02
17 L15200 1359 -152.8 125.6 211.0 215.8 1.04
18 L15240 203.7 -185.7 119.1 200.1 200.7 1.00
19 L15400 144.5 -135.6 129.7 218.0 241.8 1.17
20 L15440 201.6 -183.7 120.3 202.1 203.4 1.01
Calculated Value Experimental Value
T, : Shear Stress of Arch Mechanism O 1T, :Positive Loading
L1 7, :Shear Stress of Truss Mechanism @ -7 ,: Negative Loading
7 [N/mm’]
0 05 1 1.5 2 25 3 35

L05200 ‘ ‘ ‘ \

L05220 Top : T,= Qyy/(bj)

L05240 Middle: T ,= Q,y,/(bj)

L05400 Bottom: T ,= Q_,/(bj)
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Fig. 10 Evaluation of Ultimate Stress by Plastic Theory
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strength corresponds to the experimental strength. Then, the quantification of the confined effective for
concrete by the shear reinforcement or carbon fiber sheets remains as a matter to be considered further.

5. CONCLUSION

The following results were obtained in this paper:

(1) Even if the column with LSC of 5 N/mm” grade and round bars as longitudinal reinforcement, it was able to
perform cyclic load to the displacement amplitude of 3.2x 107 rad, did not finally occur the decreased
strength.

(2) The columns with round bars as longitudinal reinforcement finally failed by the shear compressive failure
with crushing the end of concrete although the cracking did not grow.

(3) The retrofit effect clearly appeared on the columns with deformed bars as longitudinal reinforcement.

(4) The ultimate shear strength is able to evaluate by the plastic theory, however it is necessary to further
examine the quantification of the confined effective.
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