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concrete may have occurred because the reinforcement was a plain round bar, and the concrete 
strength was low. The maximum shear forces in both the retrofitted test girders exceeded the 
calculated flexural strength. No significant degradation of the shear force was observed until the 
drift angle R = 1/50 rad. The maximum strength increased in comparison with those of the 
original test girders. The hysteresis loops apparently showed slip type. 

5 DISCUSSIONS 

5.1 Initial stiffness 

The stiffness degradation of the existing building might be attributed to the construction quality, 
use of deteriorated materials, and long-term degradation (minor or moderate earthquake). 
Stiffness degradation is currently ignored in the seismic evaluation of existing RC buildings. 
The initial stiffness was obtained herein from the first positive loops as shown in Fig.8. The 
theoretical stiffness K obtained with Eq. (4) is inserted in the figure.  

3
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                                                                                             (4) 

where, Total is the total displacement of the members [mm], S and F are the shear displacement 
and the flexural displacement [mm], respectively, K is the theoretical stiffness [N/mm], E is the 
modulus of elasticity [N/mm2], G is the shear stiffness of concrete [=E/2.3], I is the moment of 
inertia, A is the sectional area, and Q is shear force [N]. The modulus of elasticity of the test 
girders (i.e. 13.9kN/mm2 and 9.82kN/mm2 in Table 2) from the material tests was used to 
calculate the theoretical stiffness. The obtained initial stiffness of the original test girders before 
cracking was 146 kN/mm and 119 kN/mm and approximately one-half and one-third of the 
theoretical values. The stiffness of the test girders retrofitted through epoxy resin injection 
increased to 161 kN/mm and 171 kN/mm but did not reach the theoretical values.  

5.2 Strength 

5.2.1 Shear cracks strength  

Investigating the shear crack strength is important for guaranteeing serviceability under a long-
term load. The following two equations for the shear crack strength are commonly used in Japan. 
Eq. (5) is theoretically derived from the principal stress theory, and Arakawa (1960) empirically 
derived Eq. (6) from the many experimental data of RC members. The tensile stress T was 
recommended by Collins et al. (1991). The concrete strengths used in the equations were 
obtained through compressive tests.  
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                                                                                     (6) 

where, σT is the tensile stress [N/mm2],  (=1.5) is the shape factor of the section in Eq. (5), and 
kc (=0. 72) is the scale factor in Eq. (6). For the concrete strength B of the test girders 17.3 
N/mm2 and 9.54N/mm2 were used. These values were the average strengths of the concrete 
cores for both members. Table 3 shows the comparisons of the observed and calculated 
strengths of the shear cracks. The shear crack strength as calculated by Eq. (5) was 
underestimated while that as calculated by Eq. (6) was overestimated. The crack strength of the 
test girder KB-2 was lower than the strength of the other test girders because of the cold joint. 

5.2.2 Maximum strength 

The validity of the present equation for the shear strength was compared with that of the 
observed maximum strength. The flexural strength was calculated using Eq. (1). The yield 
strength of the reinforcement in the equation was obtained through tensile tests. The test peaces 
for the tensile test were taken out from the test girders after loading. The empirical equation for 
the shear strength was used in this study. Eq. (7) expresses the mean values of the test results 
taken from the previous studies on RC members. This equation was used for the direct 
comparison of the observed maximum strength in shear failure.  

 
 

0.230.068 18
0.85

0.12
t c

su w wy

p F
Q p b j

M Q d


         
                                                                 (7) 

Table 2 summarizes the observed and calculated values for maximum strength. The predicted 
maximum strengths as calculated by Eq.(1) were in agreement with the observed values of the 
original girders. The maximum strengths for the retrofitted test girders were 12% and 14% 
greater than the flexural strengths calculated by Eq. (1) because of the epoxy resin injected to 
the cracks or around the main bars. 

5.2.3 Envelopes and calculated strength 

     
Figure 9. Envelopes of shear force and drift angle response and calculated strengths. 
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Table 3.  List of strength 

Test 
Girder 

Strength of shear crack [kN] Maximum strength [kN] 
Observed 
Qc 

Eq.(5) 
Vc 

Eq.(6) 
Qsc 

Observed
Qmax 

Eq.(1) 
Qmu  

Eq.(7) 
Qsu 

KB-1 190 165 (1.15)* 220 (0.86) 201 213 (0.94) 302 (0.67) 
KB-1RE 187 165 (1.13) 220 (0.85) 240 213 (1.12) 302 (0.79) 
KB-2 157 133 (1.18) 213 (0.74) 236 232 (1.02) 286 (0.83) 
KB-2RE 203 133 (1.53) 213 (0.95) 264 232 (1.14) 286 (0.92) 
 ( ) *:  Obs./Cal. 
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Fig.9 shows the comparisons between the observed envelope curves of the shear force responses 
and the shear strength calculated by Eqs. (1) and (7). 

6 CONCLUSIONS 

The following conclusions are drawn from the results of the experimental investigation on 
actual RC girders obtained from an existing building constructed in 1971: 
1. Material tests revealed that eight concrete cylinders obtained from each floor of the building 

had average compressive strengths of 17.3 N/mm2 and 9.54 N/mm2. 
2. The failure modes of the original girders could be appropriately predicted through the method 

recommended in the standard. However, the phase of the bond slippage was observed in the 
hysteresis loops because of the plain round bars.  

3. The initial stiffness of the original girders was approximately one-half and two-thirds of the 
theoretical value, while that of the retrofitted girders was 1.10-1.40 times that of the original 
girders. 

4. The predicted flexural strengths agreed with the observed maximum values.  
5. Epoxy resin injection improved the seismic performance of the RC girders.  

Further experimental works with actual RC members from the existing building are required to 
evaluate the validity of the current equations and the quantitative effect of epoxy resin. 
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