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CYCLIC LOADING TESTS OF SUB-STANDARD RC FRAMES RETROFITTED
WITH BUCKLING RESTRAINED BRACES AND ELASTIC STEEL FRAMES
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Response control retrofit of existing RC buildings with buckling restrained braces (BRBs) assures immediate occupancy performance level after severe

seismic events. This method is widely used in Japan and may improve the sub-standard buildings in overseas countries with high building importance factors

e.g. school buildings in Turkey. Implementation of BRBs and elastically designed closed-steel frames in seismically deficient such RC frames would provide

a much better damage distribution and mitigate the possible residual displacement after an earthquake. This paper describes near full-scale

displacement-controlled cyclic testing of five specimens to meet the performance requirements given by the relevant codes in Japan. Special emphasis has

been placed on the composite interaction between the RC frame and added elastic frame. Experimental results including hysteretic curves, dissipated

energies, crack patterns on the RC elements, and strain histories are promising for the response control retrofit of sub-standard RC buildings located in

seismically vulnerable areas.
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Table 1 Material property of specimens
Material Steel Yield Stress Tension or Ultimate
(MPa) Stress (MPa)
BRB Core Plate LYP225 235 305
Steel plate | H-175%175x7.5x11(Cut out) SM490B 402 529
H-300%150%6.5%9 454 555
Concrete e 20
/
Steel rebarI o3 /’/ 312 786
[ 912 / 526 690
Mortar / 78.9
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Table 2 Characteristics of BRB

Plastic | Width | Depth | Depth [ Width
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(mm) | (mm) | (mm) | (mm) | (mm)

Panetration

Length

(mm)

Steel
of Core

Length
(mm)

2542 2008

LYP225 50 12 6
1562
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175 152

2458

Table 3 Characteristics
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Fig.9 Hysteretic curves of specimens (up to 1% story drift)
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Table 4 Equivalent damping ratio and dissipated energy (0.67%)

Cvel Dissipated Energy (kNmm) | Elastic Strain Energy (kNmm)| Equivalent Damping Ratio
yee Calc. Exp. |Exp./Calc.| Calc. Exp. | Exp./Calc. | Calc. Exp. |Exp./Calc.

| 1] 266 0.49 367 0.95 0.06 0.51

RC | 2] 546 195 0.36 389 347 0.89 0.11 0.04 0.40

3 227 0.42 329 0.85 0.05 0.49

| 1] 4596 0.77 1130 1.24 0.32 0.62

BRB | 2| 5985 | 4295 0.72 915 1192 1.30 0.52 0.29 0.55

3 5141 0.86 1211 1.32 0.34 0.65
Steel | 1| 2187 2016 3.66 0.09
Frame+|2| 0 1737 551 1939 3.52 0.00 0.07
Mortar | 3 1614 1861 3.38 0.07

Total | 1| 7049 1.08 3514 1.89 0.16 0.57

(RSB [ 2| 6531 | 6227 0.95 1855 | 3478 1.87 0.28 0.14 0.51

Model) |3 6982 1.07 3401 1.83 0.16 0.58
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Fig. 15 Assumed composite interaction models
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Table 5 Ultimate bending strength of each model

[kNm] Inward | Outward Inward | Outward Inward | Outward
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RSBe Beam 326 326 300 300 289 289
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Fig. 18 Hysteresis loop on target story drift angle 0.67%
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Table 6 Equivalent damping ratio and dissipated energy (0.67%)
(Assumed model b)

Cvel Dissipated Energy (kNmm) | Elastic Strain Energy (kNmm)| Equivalent Damping Ratio
yee Calc. Exp. |Exp./Calc.| Calc. Exp. | Exp./Calc. | Calc. Exp. | Exp./Calc.
| 1] 7049 1.08 3511 1.06 0.16 1.02
RSB |[2] 6531 6227 0.95 3327 3459 1.04 0.16 0.14 0.92
3 6982 1.07 3388 1.02 0.16 1.05
1] 7254 1.12 3473 0.95 0.17 1.18
RSBe| 2| 6471 6694 1.03 3653 3338 0.91 0.14 0.16 1.13
3 6754 1.04 3288 0.90 0.16 1.16
1] 7881 1.21 3236 0.97 0.19 1.24
RSBF| 2| 6531 7027 1.08 3327 3099 0.93 0.16 0.18 1.16
3 7028 1.08 3056 0.92 0.18 1.17
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Fig. 23 Evaluation accuracy on each story drift (RSB model)
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1. Introduction

Response control retrofit of existing RC buildings with buckling restrained braces (BRBs) assures immediate occupancy
performance level after severe seismic events. This method is widely used in Japan and may improve the sub-standard buildings in
overseas countries with high building importance factors e.g. school buildings in Turkey. Implementation of BRBs and elastically
designed closed-steel frames in seismically deficient such RC frames would provide a much better damage distribution and
mitigate the possible residual displacement after an earthquake. This paper describes near full-scale displacement-controlled cyclic
testing of five specimens to meet the performance requirements given by the relevant codes in Japan. Special emphasis has been
placed on the composite interaction between the RC frame and added elastic frame. Experimental results including hysteretic
curves, dissipated energies, crack patterns on the RC elements, and strain histories are promising for the response control retrofit of
sub-standard RC buildings located in seismically vulnerable areas.

2.  Outline of Experiments

For the experimental part of this work, near full-scale RC frames have been manufactured in Turkey representing a sub-standard
school building. Retrofit members have been manufactured in Japan and shipped to Turkey. The proposed retrofit method
requires an elastically designed steel frame installed in the RC frame and then buckling restrained braces (BRBs) are attached
through the steel frame. All tests are carried out in the Earthquake and Structural Engineering Laboratory (STEEL) of Istanbul
Technical University (ITU). The target was to obtain a more ductile RC frame behavior with minimum seismic damage.
Experimental program includes testing of five specimens as follows: R model (bare frame), RS model (RC frame with inner steel
frame only), RSB model (RC frame with concentrically attached BRB and steel frame), RSBe model (RC frame with eccentrically
attached BRB and steel frame) and RSBF model (FRP wrapping on columns besides the BRB retrofitting).

3.  Results of Experiments

R model slightly cracked at the retrofit target story drift angle (0.67%) and showed a good ductile behavior until 3% story drift.
Base shear strength increased by approximately four times in RS model, compared to that of the R model. This reveals that the
composite interaction between steel and RC frames was apparent. RSB and RSBe models displayed a superior energy dissipation
performance up to the retrofit target story drift mainly due to the BRBs. Moreover, when FRP is applied on the columns of the RC
frame (RSBF Model), strains on RC frame main reinforcements decreased and the amount of dissipated energy is slightly increased.
For each specimen, the residual crack width after loading was smaller than 1mm.

4.  Verification of Proposed Damper Design Method for Structural Retrofit

With the given assumed model for each element, the authors proposed a retrofit design method for sub-standard RC buildings in
Turkey. First, experimental results are compared with previously proposed simple hysteretic models where the composite
interaction of the frames or strain hardening effects in the BRB is neglected. To improve the agreement between the proposed
model and experiments, push over analyses for three types of composite interaction cases are carried out. It is found that the
skeleton curve of the analysis model which considers the partial composite interaction of steel frame and mortar zone shows a
reasonable agreement with the experimental results. A new parameter for design, a is proposed as the stiffness ratio between secant
stiffness of steel frame (RS model - R model) on each step of experiment to the predicted stiffness of steel frame. Also, by the

proposed parameter and method, equivalent damping ratio at target retrofit story drift can be successfully determined.

(2016 4% 2 H 10 HE A28, 2016 4% 6 H 15 HERTPE)
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