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ABSTRACT: Understanding the performance of reinforced concrete (RC) structures against earthquake  Review History:

load to design them is imperative. One of the fundamental issues determining the performance of = Received: Dec. 05, 2020
concrete structures against earthquake load is investigating the joint behavior and its appropriate  Revised: Apr. 15, 2021
ductility. To attain adequate ductility in beams and columns, the joint must have sufficient strength and ~ Accepted: May, 02, 2021
ductility to withstand the ultimate loads of beams and columns. In many RC structures that have been ~ Available Online: May, 09, 2021
exposed to severe earthquakes, joint shear failure has been observed. Shear failure of the joint can be
due to the weakness of oblique reinforcements in the beam-column joint area of RC structures. The
use of high-strength external bolts under axial and cyclic loadings in ABAQUS finite element software
has been investigated in this paper. The arrangement and the amount of post-tension of the bolts are High strength bolt
the parameters investigated in this study. The use of external bolts to retrofit the RC beam-column
joints indicates an increase in confinement and consequently improves performance in the joint area. In
addition to preventing shear failure in the joint fountain, the proposed method causes a capacity increase
of about 44% in post-tension specimens. Also, it increases energy absorption by about 50% in retrofitting
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1- Introduction

Proper performance of joints in reinforced concrete
flexural frames is crucial to maintaining the stability of
these structures against severe earthquakes. In recent years,
several researches have been conducted to evaluate the
seismic performance of beam-column joints in RC structures
designed according to standards of different countries [1,
2]. The research results on RC joints under seismic loading
and severe damages caused by recent earthquakes confirm
that the shear weakness of the joint zone is the leading cause
of failure [3, 4]. Hence, the joint panel zone retrofitting is
necessary for structures designed according to previous
standards and structures whose joints are performed without
transverse reinforcement. To retrofit the RC joints, various
methods such as using a concrete and steel jacket, different
types of haunch, Fiber Reinforce Polymer (FRP) materials,
and various other methods are common [5, 6]. This study
aims to propose an effective and practical method to improve
the performance of RC beam-column joints against seismic
loading. In this research, post-tensioned external bolts to
retrofit the RC joints are introduced.

2- Methodology
In order to investigate the proposed patterns to retrofit the
RC joints, 6 specimens of T-shaped joints were modeled in
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ABAQUS software. The Concrete Damage Plasticity Model
(CDP Model), which is the most suitable model to simulate
the behavior of concrete under cyclic loading, has been used
to model concrete in ABAQUS software [7]. An experimental
specimen that had previously been tested by Shafaei et al.
was modeled in the software to verify the results obtained
from ABAQUS software. The support and loading conditions
were also applied based on the laboratory conditions [8].
Comparing the envelope curve of the experimental specimen
and the modeled sample can be seen in Figure 1.

Next, to provide a suitable retrofitting pattern for the
specimens with shear weakness at the joint panel zone, two
patterns, diagonal and horizontal-vertical external bolts, were
proposed. In each pattern, to investigate the post-tensioning
effect of the retrofitting bolts, they were modeled in two
modes with and without post-tensioning. The details of the
retrofitting system based on the two proposed patterns are
shown in Figure 2. The specimens were named according
to Table 1.

3- Results and Discussion

In order to investigate the proposed retrofitting systems
and their effect on the seismic performance of the joints,
the envelope curve of the specimens was compared with
each other (see Figure 3). Comparing the envelope curves
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Fig. 2. Detail of retrofitting patterns (all dimensions are in mm)

of specimens indicates the significant effect of the proposed
method on increasing the shear capacity and ductility of
retrofitted specimens compared to the control specimen.
One of the most important parameters indicating the seismic
behavior of members is energy absorption. The amount of
energy absorbed for each specimen is calculated by analyzing
the sample diagram and is shown in Figure 4.

The length of the plastic hinge of retrofitted specimens
increased significantly. Control specimen failure occurred
suddenly in shear, while in the retrofitted specimens, it is
clear that the plastic hinge has been transferred from the joint
panel zone to the beam. The initial stiffness of the retrofitted
specimens increased compared to the control specimen due to
increased confinement.
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4- Conclusions

Utilizing external bolts can have got a significant impact
on the seismic behavior of reinforced concrete beam-column
joints; As:

1- Using the high-strength external bolts causes
significantly increases the shear capacity of the specimens.
The final shear capacity was increased by 37%, 44.7%, 38.3%
and 43.6% for DR-P0O, DR-P70, HVR- PO, and HVR-P70
specimens, respectively, compared to the control specimen.

2- The amount of energy absorption was increased by
51%, 49%, 51% and 49% for DR-PO, DR-P70, HVR- PO,
and HVR-P70 specimens, respectively, compared to the
control specimen. The exciting result indicates the proper
performance of the proposed retrofit under seismic loading.

3- Using high-strength external bolts almost doubles the
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Fig. 3. Comparison of force-displacement envelope
curves

length of the plastic hinge. The plastic hinge length in Control
and Reference samples is 215 mm and 230 mm, respectively,
while in DR-P0 and HVR-PO specimens, it is 420 mm, and in
DR-P70 and HVR-P70 specimens, it is 430 mm.
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Fig. 3. Schematic representation of the Bauschinger effect in a metallic sample
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Fig. 5. Meshing and reinforcement of modeling specimen
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Table 6. Performance of specimens in crack, yielding and ultimate points
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Fig. 14. Moment-curvature curves of specimens a) Control specimen; b) Reference specimen; c¢) Retrofitted speci-
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Table 8. Plastic length and ductility of specimens

Sady s Srdy sy Sty Jade J5b
$9 )
JNo9e3 59, 5 ) Mattock Paulay and Priestley ;19905 (59, 3 Lges
loges o9 g0
M-0 (1967) [83] (1992) [84] M-O
M-0
4,16,
(Au ra, ) (su ’o, ) 0.5d+0.051 0.081+0.022d,f, (W) —_
VA~ \Vidd YY/0 YEV/EA YY/AA AN Control
V20 VIVO YY/0 YEV/PA y/va Yy. Reference
Y- ¥ AAR YY/0 YEV/PA Yf-/f. AL XR-P0O
Y/ - YNa Y/ YSV/PA YN0 £y XR-P70
¥y Y/a- VY0 YEV/PA YY&IXY fY- HVR-P0
¥/ A Y/a0 VY0 YEVIEA Y.AFSE Y. HVR-P70

i IS A g 5> sl il b dlas 5 ol ok ) b
sladiges & baye (Hy) 32 cphdSs 5 (M) obeb
bl Cus gbule phJSE il 0l oyl oad (sl s
Comd (i3 2 Sl SS9 2l oo el da )3 obol> 4 Ll
slodiges [AD-AV] 23l oo el dbi 3 (i 4 2l S
Aisb o (i JSs polas oy <1y HVR-P70 s HVR-PO
Reference 4 Control woes 93 obols—,b e auwlio b
stelin MalS 5 Slas ZF 3505 by )3 b diged 93 (] 4 395 0 aseiie
Reference wges , Jlasl asiin woye slod Koo 3959 Jg 151 1,
Sruie S JSd dises ool JlB) NSk bl ) cunl oad el
L;l.zzs)byoj duwsldo b e L guld U:Le‘fb w )l>> 9 A5k ansly
ol Sadiges )3 &5 395 00 pasuie VPSS ) (sl (sladiges
el 4Bl Rl 5 badiged (6 pda IS8 (b )b Al 2 0gMle

Py et sladiged Sow ()b Cwgliey s ;I ool

yYYo

Slojl glacl (phb )3 Jse layiel)ly dlox jl Sy Jate

Eyo9e e b3 oo ghaile )3 |y S g (5 @8 jb ojlal & A3l oo
Fobey Sty Juade Job 4> a9 glaie juln )b coge
Shazal 53 () 3l VO JSS )3 398 o yide (A5 @9 jbojlel 43k
O 9y i1 &S Canl o 035l AF Gty p3 45 oS Job slaygile)]
g5 oaaliio |y (g5l Jde ;5 ol 3939 4 KoMy Jate Job lg5 o0
Coghs & 290 pasudie Jsb (slaygile)] Jobo o o S odalie b
d9dn 3 |y Sy Liate Jsb (5,8 Cwogliny slacdes l odlaiwl b
3ol Cuwd 4 Sty Juato Jobo A Jgis 55 amd o Liol33] ply g3
@l 5l sxal cusd 4 055 palie b Losh ) ylages 9 (1) (silo e
2 0uS o i wjlw lacl S casls lais 4 (o pdy IS

Sz GUSS yus 298 0 el Lael ) caols cpl )b ojls )18,



WA B AV ascan N F-) JL.-: ¥ b)LoufS OHF 0,9 ‘,..S)..ol ul)o.c (eWARR 4;).-“.:

0.003
—&— Control
0.0025 —¢— Reference
—%—DR-P0
0.002 DR-P70
e —a—HVR-P0
:1°0.001
'330 0015 —o— HVR-P70
0.001
0.0005
0 -4
0 200 400 600 800 1000 1200 1400
(Groshee) o5 slaal

18 o 2l 53 Wadiged Job (513, Shoe 0,5 N0 S5

Fig. 15. Strain in longitudinal reinforcement of specimens at 4% drift ratio

(ogkes) (2l
0 12.5 25 37.5 50 62.5 75
50
45 | 2 ity |
35 ———— - =
é 30 - Y — * * * + 3
%25 4
N 25 S +— Control
) 20— —&— Reference |
15 J —&— DR-P0
10 —&— DR-P70
HVR-PO
—a— HVR-P70
0 T
0 1 2 3 4 5 6
(1) oo 2l

Ldiges loula— b HIdged dulis NF UG

Fig. 16. Comparison of force—displacement envelope curves for all specimens
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