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Longitudinal and transverse bars Concrete
Bar size (mm) Fy (MPa) Fu (MPa) 28 day compression strength , f, (MPa) 38.5
90
10 510 650 Slump (mm)
18 530 700 Maximum aggregate size (mm) 25
CFRP sladd,
Thickness Ultimate Ultimate tensile Elastic modulus (GPa) Unit weight
(mm) strain strength (MPa) (gr/m2 )
0.167 0.015 4950 240 300

Table (1) Mechanical characteristics of materials
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Cyclic Load
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ol ialosT lad sl Cu i (Gogon 5 sl let (V) i

Initial damage

Number of FRP layers

Specimen type Speﬁl)men Drift(%) Beam’s tip displacement Be:r:g :eL- Cou;;; Irl)’es - pa?aolllglnziﬁ;sets
Base-non NS5 0 0 — — —
SeiIsmic
Repaired NSIR 1 (-13), (+14) 1 1 1
Repaired NS2R 15 (-20.2) , (+20.8) 1 1 1
Repaired NS3R 3 (-42) , (+44) 1 1 1
Repaired NS5R 5 (-71.3), (+71.2) 2 1 1

Table (2) Initial damage and repair configuration

Ladd 503 (S L gz )L () 02

Numper of
cycles

“““
,,,,,

Load Control

[e—>
Cracking

Displacement Control

05%]| 1% | 1.5%| 2% |Drift2.594 Drift3% | Drift4%]| Drift5%

Fig. 3. Load history
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Fig. 2. Test setup and supports
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degradation and c) cumulative dissipated energy
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Compressive E.
strength, f_ (s700yi, Tl f /i0) E,(E,f10) F, (MPa) PinchX PinchY Beta

(MPa) )
NS5 38.5 29162.73 3.85 2916.27 440 0.9 0.5 0.0
NS1IR 46.2 31946.17 4.62 3194.62 440 1 1 0.3
NS2R 42 30459.48 4.20 3045.95 440 1 0.7 0.4

NS3R

&NS5R 17 19378.60 1.70 1937.86 420 1 0.7 0.3

Table (3) Modeling parameters of concrete and steel materials
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Fig. 8. The comparison between Load-displacement curves of experiment and model: a) NS5, b) NS1R, ¢) NS2R and d) NS3R
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NS5 NS1R NS2R NS3R

Exp. Ana.  Difference Exp. Ana. Dlﬁ;rence Exp. Ana. lef;rence Exp. Ana.  Difference

% 0 ? %
Load

carrying 81.26 7755 -4.57 86.75 77.18 -11.03 9241  82.17 -11.08 80.87 834 3.13
capacity
(kN)
Mean secant

stiffness 302 297 -1.66 2.77 2.83 217 241 243 0.83 195 201 3.08
(KN/mm)
Energy

dissipation ~ 37.45  37.66 0.56 48.02 4723 -1.65 4356  44.37 1.86 28.41  28.09 -1.13
(kJ)

Ductility 313 3.36 7.35 2.84 2.98 493 275 288 473 181 183 1.10

Table (4) The comparison between experimental and analytical results
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rote Oles (pudige oLash = ele s

Sozme ks 0 S alie (0) Joi

0.05A f, 0.1A f,
NS5 NSIR NS2R NS3R NS5 NSIR NS2R NS3R
Load Ca"a’(':\‘g capacity 8323 8519 8891 87/49 8349 8671 9074 89.38
Mean secant stiffness 305 313 265 216 307 315 264 217
(KN/mm)
Energy dissipation (kJ) 38.26  48.09 4465 2858 3833 48.16 4471 2861

Table (5) Result comparison between with and without axial load

JIs Calss 36 mls (V) dsr

10cm slab without axial load

10cm slab with axial load

NS5 NSIR NS2R NS3R NS5 NSIR NS2R NS3R

L oad Ca"({'ﬂg capacity  gc 17 8386 89.06 88.51 8176 7925 8505 86.82
Mean secant stiffness

(e 341 317 282 221 322 291 231 195

Energy dissipation (kJ) ~ 43.51  50.12 4853 3271 40.16 49.11 4573 29.36

Table (6) Results of slab thickness effect
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Abstract:

The scope of this study is to investigate the rehabilitation of concrete beam-column joints retrofitted by
carbon-fiber-reinforced plastics (CFRPs), to achieve a safe and economic level of seismic damage. This
paper, efficiency investigates the mentioned strengthening technique in improving the seismic behavior of
damaged structures, analytically and experimentally. Four beam-column connections are tested under
reversed cyclic loading. No specific seismic detail is used for connections, i.e. no transverse rebar and
seismic stirrups are used in critical end zones of joint core, beam and column. Joints are damaged in different
levels. Thereafter, they are retrofitted by carbon fiber reinforced materials (CFRP sheets). The strengthened
joints were tested again to reach the ultimate drift capacity. The experimental results show that the beam
column joints could be retrofitted by external wrapping of FRP sheets until a limited level. This level is
approximately equal to 1.5% story drift for tested joints. Specimens which were initially damaged with
reference to 1% and 1.5% drifts showed an increase in their capacity up to 5% and 3%, respectively. This is
called the repair-ability level and for the cases with higher damage levels, other rehabilitation methods may
be useful.

In order to simulate the behavior of joints, a numerical model was developed in the OpenSees framework
version 2.4.0. The tested joints including reference joint and retrofitted joints are analyzed by nonlinear tools
of the software. The software was selected regarding the available models for concrete and reinforcement
rebar materials, which are enhanced with the consideration of reloading/unloading stiffness deterioration and
hysteretic energy dissipation during reversed cyclic loads. Nonlinear beam-column elements with spread or
concentrated plasticity can be evaluated in this software with accurate simulation. The analytical models are
used to assess the efficiency of the CFRP rehabilitation to predict an optimum level of damage that the
seismic behavior parameters could be compensated, safely and economically. The results of joint analysis are
compared with experimental behavior of specimens. The hysteresis curves of the modeled beam column
joints had a high level of accuracy in terms of stiffness degradation, moment carrying capacity, capacity
degradation and energy dissipation. Thus, the model is calibrated for each level of damage intensities.
Results showed that the model had a good accuracy in terms of load carrying capacity, secant stiffness,
energy dissipation and joint ductility, and the error was reported less than 10% comparing analytical and
experimental results. Effect of other variables such as column axial load and the existence of transverse slab
connected to the beam was analytically investigated. Results showed that increasing the axial load on the
column results in increase in the load carrying capacity and stiffness from 5% to 12% (depending on the
initial damage intensity of the joint). However, it had negligible effect on dissipated energy. On the other
side, transverse slab modeling revealed an increase in the capacity, stiffness and energy. The positive effect
was higher in the absence of gravity loads on the slab. Thus, the existence of transverse slab with gravity
load had negative effect on secant stiffness in specimens with initial damage higher than 1.5% of story drift.

Keywords: Beam-column connection, Rehabilitation, FRP sheets, Nonlinear analysis, Axial Load,
Transverse slab.
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