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Abstract. In the present study, an innovative steel bracket and haunch hybrid scheme is devised, for retrofitting of earthquake
damaged deficient beam-column sub-assemblages. Formulations are presented for evaluating haunch force factor under combined
load case of lateral and gravity loads for the design of double haunch retrofit. The strength hierarchies of control and retrofitted
beam-column sub-assemblages are established to showcase the efficacy of the retrofit in reversing the undesirable strength
hierarchy. Further, the efficacy of the proposed retrofit scheme is demonstrated through experimental investigations carried out on
gravity load designed (GLD), non-ductile and ductile detailed beam-column sub-assemblages which were damaged under reverse
cyclic loading. The maximum load carried by repaired and retrofitted GLD specimen in positive and negative cycle is 12% and 28%
respectively higher than that of the control GLD specimen. Further, the retrofitted GLD specimen sustained load up to drift ratio of
5.88% compared with 2.94% drift sustained by control GLD specimen. Repaired and retrofitted non-ductile specimen, could attain
the displacement ductility of three during positive cycle of loading and showed improved ductility well above the expected
displacement ductility of three during negative cycle. The hybrid haunch retrofit restored the load carrying capacity of damaged
ductile specimen to the original level of control specimen and improved the ductility closer to the expected displacement ductility of
five. The total cumulative energy dissipated by repaired and retrofitted GLD, non-ductile and ductile specimens are respectively 6.5
times, 2.31 times, 1.21 times that of the corresponding undamaged control specimens. Further, the damage indices of the repaired
and retrofitted specimens are found to be lower than that of the corresponding control specimens. The novel and innovative steel
bracket and haunch hybrid retrofit scheme proposed in the present study demonstrated its effectiveness by attaining the required
displacement ductility and load carrying capacity and would be an excellent candidate for post-earthquake retrofit of damaged

existing RC structures designed according to different design evolutions.
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1. Introduction

The concept of ductility detailing for seismic resistance
design of reinforced concrete structures was codified in
1980s but there were plenty of structures which were built
before that and designed only for gravity load. In addition
to the above, there were lot of existing reinforced concrete
(RC) structures with different forms of seismic deficiencies
due to lack of the then prevailed knowledge, such as
deficient joints, lack of confinement in the disturbed region
(D-region) comprising of joint panel and area of column
and beam segments adjacent to joint panel, location of lap
splicing at critical location and non-availability of sufficient
anti-buckling steel to prevent buckling of main
reinforcement bars. It is obvious that these structures would
underperform in the event of an earthquake. This
necessitated formulation of viable repair and retrofit
strategies for earthquake damaged deficient existing RC
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structures. Thus, the retrofitting of damaged or
strengthening of undamaged deficient beam-column sub-
assemblages is an active area of research and developing a
viable retrofit strategy still remains a challenge.

In broader sense, the seismic retrofit of RC structures
was carried out using jacketing, FRP strengthening, external
strengthening using steel elements and haunch retrofit,
external prestressing etc. Jacketing and FRP strengthening
are the most commonly used methods of retrofitting and
ample research was carried out to evaluate the performance
of damaged reinforced concrete structures/structural
components retrofitted using these methods. These retrofit
interventions were carried out at the structure level on the
frames or buildings (Stoppenhagen et al. 1995, Bracci et al.
1995, Balsamo et al. 2005, Corte et al. 2006), Kakaletsis et
al. (2011)) with the view of shifting the soft storey failure to
beam sway mechanism or achieve performance level same
as that of undamaged or higher. Furthermore, lot of research
was reported at sub-assemblage level on either undamaged
deficient ones to achieve higher performance levels
(Antonopoulos and Triantafillou 2003, Prota et al. 2003,
Mukherjee and Joshi 2005, Shannag and Alhassan 2005,
Tsonos 2008, Kalogeropoulos ef al. 2016) or damaged and
repaired ones to achieve the original performance as that of
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the undamaged member or higher (Shannag et al. 2002,
Karayannis and Sirkelis 2008, Tsonos 2008, Garcia et al.
2014a, Tsonos 2014, Yurdakul and Avsar 2015,
Kalogeropoulos ef al. 2016). Even though the jacketing and
FRP strengthening are successful in achieving the desired
performance level, jacketing is highly laborious and needs
skillful detailing. On the other hand, FRP strengthening
demands suitable anchoring, especially when it comes to
strengthening of joints.

More recently, external strengthening of RC structures is
gaining popularity due to its ease of application without
disturbing the existing structural system. External
strengthening of RC structures was accomplished by
addition of steel elements to beams and columns using steel
angles, steel props and curbs, steel cages, post-tensioned
metal straps, buckling-restrained braces, joint enlargement
using prestressed steel angles and stiffened steel plates,
prestressed steel strips (Garcia ef al. 2014b, Campione et al.
2015, Mahrenholtz et al. 2015, Yurdakul and Avsar 2016,
Kheyroddin ef al. 2016, Torabi and Maheri 2017, Adibi et
al. 2017, Shafaei et al. 2017, Kanchanadevi et al. 2018,
Yang et al. 2018). Further, external strengthening was also
accomplished by planar joint expansion, SIFCON blocks,
steel haunch, wing walls, etc. (Pampanin et al. 2006,
Chaimahawan and Pimanmas 2009, Misir and Kahraman
2013, Li and Sanada 2017, Kanchanadevi et al. 2018).
Yurdakul ef al. (2018) carried out local retrofitting of non-
seismically deficient beam-column joint by post-tensioned
SMA bars to minimize the damage in the joint panel. It was
concluded that SMA bars should be post-tensioned to their
yield capacity to derive full benefit from super-elastic
property to minimize residual deformation. Duran et al.
(2019) upgraded the substandard RC frame using shape
memory alloy(SMA) bars. The study highlighted that super-
elastic property of SMA could be utilised for recovering
residual deformations of the moment resisting frame after
passage of seismic event. If the SMA bars are in place
before the seismic event, the residual deformations can be
reduced. It may be noted that SMA is expensive and is not
easily available. Most of the external strengthening schemes
are aimed at strengthening of the critical components to
achieve the desired strength hierarchy. Whereas the haunch
retrofit achieves strength hierarchy by reducing the force
demand on critical components. Furthermore, haunch
retrofit is non-invasive and could be executed with ease.

Yu et al. (2000) conceived the idea of welded haunch for
steel moment resisting frames which experienced failure at
the welds during Northridge earthquake. Further, it was
reported that haunch retrofit succeeded in preventing the
weld failure in the rehabilitated steel moment connections.
This concept of haunch retrofit was extended to reinforced
concrete structures by Pampanin et al. (2006). The double
haunch retrofit solution (with haunches at top and bottom of
floor beam) was employed for seismic strengthening of the
existing non-seismically designed RC structures. Further,
analytical formulations were developed for the design of
double haunch retrofit solution. They found that the retrofit
succeeded in preventing the failure of joint and succeeded
in forming plastic hinges in the beam. In order to make the
double haunch scheme more practical to implement,
Genesio (2012) connected haunches to the adjacent beam
and column segments by means of post-installed chemical
anchors. This study confirms that for the optimal retrofit

solution, hinges would form in beam and the joint damage
could be prevented. Sharma ef al. (2014) extended the
double haunch scheme connection using post-installed
chemical anchors for building frame with olden detailing
practice and tested it on the shake table. The study
concluded that retrofit solution was successful in improving
the seismic performance of non-seismically designed RC
framed structures. Wang et al. (2018) studied the effect of
buckling restrained haunches in improving the seismic
performance of interior and exterior joints. This study was
aimed at relocating the plastic hinges and also to improve
the energy dissipation of the system. It was reported that the
scheme was successful in achieving the desired
performance level. Zabihi et al. (2018) carried out
parametric study on the performance of beam-column sub-
assemblage retrofitted with single and double haunch
retrofit and compared with that of non-retrofitted beam-
column sub-assemblage. Kanchanadevi and Ramanjaneyulu
(2019) evaluated the comparative seismic performance of
gravity load designed beam-column sub-assemblages
retrofitted using single haunch and single steel bracket and
haunch hybrid retrofit at soffit of beam. This study
established the superiority of single steel bracket and
haunch hybrid retrofit scheme over single haunch retrofit
scheme for GLD beam-column sub-assemblages in terms of
enhanced load carrying capacity, energy dissipation and
sustaining larger drifts.

The reported studies, documented the promising
performance of double haunch retrofit solution in achieving
the desired performance level at both sub-assemblage and
structure levels. Further, it could be noted that the double
haunch solution was implemented only for strengthening of
the undamaged components and studies were not reported
on its usage as retrofit solution for the damaged beam-
column sub-assemblages. Furthermore, it was reported that
single steel bracket and haunch hybrid retrofit exhibited
superior performance over haunch alone retrofit. With that
view, in the present study, double steel bracket and haunch
hybrid retrofit with one hybrid haunch fixed at the soffit of
the beam and the other hybrid haunch fixed to the top face
of the beam is used to retrofit the damaged deficient beam-
column sub-assemblages of different design evolutions. The
study considers three levels of design for the exterior beam-
column sub-assemblages representing RC structures of
different design evolutions. The beam-column sub-
assemblages designed for different design evolutions are
tested till failure under reverse cyclic loading. The damaged
beam-column sub-assemblages are repaired and then
retrofitted using the novel and innovative steel bracket and
haunch hybrid retrofit solution developed in the study. The
retrofitted specimens are tested again under reverse cyclic
loading. The seismic performance of the repaired and
retrofitted specimens are compared with undamaged control
specimens to demonstrate the efficacy and effectiveness of
the proposed retrofit solution for earthquake damaged
beam-column sub-assemblages.

2. Details of the beam-column sub-assemblage
specimens considered for study

A three storied RC framed residential building as shown
in Fig.1(a) is taken up for study. An exterior beam-column
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Fig. 1(b) Reinforcement details of (a) SP1 (b) SP2 (c) SP3 beam-column sub-assemblages

sub-assemblage highlighted in Fig.1(a) is chosen for
experimental investigations. Exterior beam-column sub-
assemblage specimen is designed as per Indian Standards of
practice (IS: 456(2000), IS: 1893(2002), IS: 13920(1993))
to represent the existing olden RC structures of Indian sub-
continent. Three evolutions of design, namely i) Gravity
load designed (SP1: GLD) with straight bar anchorage for
reinforcements at beam bottom ii) Seismic load designed
but without ductility detailing (SP2: Non-ductile) iii)
Seismic load designed with ductility detailing (SP3:
Ductile) are considered for the design of specimens. The
beam-column sub-assemblages chosen for present study are
designed according to olden Indian standard which does not
specify explicit provisions for design of joint for ductile
specimen. The capacity of joint limited by the concrete
struts was not specified in Indian standards which may
govern the dimensioning of the joint. Further, in Indian
code 1S13920(1993), there was no restriction on member
sizes namely depth of beam and column, and also member
sizes are not the function of diameter of the beam bar to be
used. Further, the provisions related to development length
of beam bars into joint differ from other international
standards like ACI 318 (2011), NZ 3101 (2006), EC 8
(2004). The ductile and non-ductile specimens do not
conform to modern seismic guidelines of proportioning of
joint to prevent joint shear failure. Hence, the specimen SP3
possesses deficient joint even though it is detailed for
ductility.

The overall dimensions of beam-column sub-
assemblage along with the cross sectional details of beam
and column segments and reinforcement details are
depicted in Fig.1(b). Strain gages are affixed on
reinforcement bars of the specimens at the identified critical
locations before casting of the specimens. Concrete mixture
is designed with cement, sand and coarse aggregates in
proportion of 1:1.695:3.013 and water-to-cement ratio of

0.5. This concrete mix is used for casting of the beam-
column specimens. After casting, the specimens are wet
cured for 28 days. The material properties of concrete
cylinders cast along with the specimens are evaluated at the
time of testing and are given in Table 1. The material
properties of steel reinforcement bars used are shown in
Table 2. The cross section analysis of the beams and
columns are carried out using the standard procedure
outlined in Indian code of practice IS 456(2000). The
reinforcement details and ultimate design moment
capacities evaluated for the beams of different specimens
are presented in Table 1. The reinforcement details of
columns of different specimens are also presented in Table
1. The ultimate moment versus axial load capacity
interaction curves for the columns of different specimens
(SP1, SP2 and SP3) are obtained and are presented in Fig.
2.

Fig. 1(a) Geometrical details of building and beam-
column sub-assemblage chosen for the study
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Table 1 Details of specimens chosen for investigations

Specimen Percentage main .
P S Shear reinforcement

Ultimate moment Cube compressive Average split tensile

ID reinforcement (%) capacity  (kNm) strength (N/mm?)  strength (N/mm?)
Beam Top =0.69 Beam -2#8¢@200mm c/c Beam Top= 117
SP1 Beam bottom=0.33 Column-2#8¢@300mm c/c Beam bottom=18* 41.34 3.74
Column =2.18 Joint- Nil
Beam Top=1.15 Beam -2#8¢@200mm c/c Beam Top=174
SP2 Beam bottom=0.33 Column-2#8¢@200mm c/c Beam bottom=60 39.73 4.15
Column=4.36 Joint- 2#8¢@200mm c/c
Beam™ -2#8¢@100mm c/c
Beam Top=0.85 Beam® 2#8¢p@180mm c/c Beam Top= 141
SP3 Beam bottom=0.596 Column™-2#12¢@75mm c/c Beam bottom=102 4091 3.88
Column=2.29 Column® -2#8¢@150mm c/c

Joint- 2#12¢@75mm c/c

+ - In confinement region; $ - Beyond confinement region; * - Moment capacity restricted by actual anchorage length of bottom

reinforcement
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Fig. 2 Ultimate moment versus axial load capacity curves
for columns of different specimens

Table 2 Material properties of steel reinforcement bars

Diameter of Average yield Average ultimate
reinforcement strength of steel strength of steel
bar (mm) (N/mm?2) (N/mm?2)
8 527 641
16 520 647
20 545 621
25 535 643

3. Experimental investigations on undamaged
control beam-column sub-assemblages

LVDTs (linear variable displacement transducers) are
mounted on the undamaged control beam-column sub-
assemblage specimens (SP1, SP2, SP3) to measure
deflections. The test setup for applying reverse cyclic
loading is arranged horizontally on the test floor as shown
in Fig.3. The column axial load is applied by hydraulic jack
at one end of column and other end of the column is against
the reaction block. An axial load of 300kN is applied to the
column which is arrived from analysis of a three storied
building shown in Fig.1(a). The reverse cyclic loading is
applied by means of servo-controlled hydraulic actuator at
beam tip in displacement control mode according to the
loading history shown in Fig.4. Reverse cyclic
displacements are expressed in terms of drift ratio (%) and
is defined according to Eq. (1).

Drift ratio(%) = = x 100 (1)
Ip

Where, Al is the applied displacement at the beam tip
and lp is the length of the beam from column face to the
point of application of the displacement.

In present study, maximum displacements (Al) applied
are: £ 6.25mm, £12.5mm, £25mm, +£37.5mm, +£50mm,
+62.5mm, +75mm, £87.5mm, £100mm, +112.5mm and
+120mm. First two drift increments + 6.25mm, £12.5mm
are elastic cycles. Yielding occurred at displacement of
25mm. The further drift increments except final drift
increment are arrived by constantly increasing displacement
with £12.5mm from previous step and thereby resulting in
more inelastic excursions. Due to the restriction of the
stroke length of the actuator, the final drift increment is kept
as £7.5mm. For each drift level, three complete cycles are
applied with equal magnitude in both positive and negative
cycles of loading. The positive drift cycle produces tension
at beam bottom and negative drift cycle produces tension at
beam top. The data pertaining to load-displacement
hysteresis of all the three control specimens (SP1, SP2 and
SP3) are acquired and processed. The summary of
observations made on the results of experimental
investigations carried out on the three types of control
specimens are presented in Table 3.

From Table 3, it is very clear that location and the level
of damage undergone are different for each type of
specimen, even though in all the specimens test was stopped
when the load in third cycle of the particular drift ratio is
dropped to around 40% of peak load. It is observed that in
the GLD specimen SP1, major portion of the beam-column
sub-assemblage remains undamaged except a crack at joint.
The width of diagonal joint shear crack in SP1 is found to
be smaller than that in the specimens SP2 and SP3. This is
because of the fact that the specimen SP1 has undergone
only 15 cycles of loading before the test is stopped. In the
case of specimen SP2, the major portion of beam remains
undamaged except for few thin flexural cracks, but the joint
and disturbed regions of the column are damaged drastically
at final stage of loading. The specimen SP3 has undergone
severe damage in the joint region and cover concrete is
spalled-off completely during the final stage of loading.
Further, the disturbed regions of beam as well as column
segments are also damaged in the specimen SP3, as the
specimen has undergone more number of loading reversals
when compared with the other two specimens tested.
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Fig. 3. (a) Schematic and (b) Actual test-setup and instrumentation for experimental investigations

Table 3 Summary of observations for all the three types of undamaged control specimens

Description SP1 (GLD) SP2 (Non-Ductile) SP3 (Ductile)
Peak Load in +ve +39 kN 85kN +58KN 112 kN +94 kN [123kN
and —ve cycles
Final drift ratio 2.94% 5.88% 7.05%
No. of cycles till 15 27 33

final drift ratio

Load at final +ve
and —ve drift cycle

Damage undergone
after final drift ratio

6 - bﬁ
22%

s bt

Drift Ratio (%)
S =

Tlme in s (typical)
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5.14%

3.67%
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4.41%
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Fig. 4. Typical reverse cyclic loading history

+52 kN -52 kN

4. Repair of beam-column sub-assemblages
damaged under reverse cyclic loading

After completion of testing of all the three control beam-
column sub-assemblages (SP1, SP2 and SP3) under quasi-
static reverse cyclic loading, the damaged specimens are
repaired as detailed below. The step-by-step repair
procedure is depicted in Fig.5. The cover concrete in the
damaged portion of joint, beam and column regions is
removed carefully using chisel and hammer (Fig.5 (a)).
Care is taken in such a way that the chiselling does not
cause any further damage to the core concrete. Further, in
the regions of severe cracking, concrete cutting machine is
used to cut the slots up to the level of cover concrete and
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the damaged concrete is removed (Fig.5(b)). After
removing the damaged parts of concrete, the specimen is
cleaned with wire brush to remove laitances. Then the
specimen is cleaned with water jet and allowed to dry. In
order to close/fill the cracks in the core concrete, epoxy
grouting is carried out. Prior to the grouting operation, the
required number of grouting ports are fixed. The maximum
spacing of 200mm is maintained between grouting points.
Holes are drilled into the core concrete and the steel
injection packers are placed inside the holes and the nipples
are tightened by using the spanner (Fig. 5(c)). The gap
between the steel injection packers and surrounding
concrete is sealed by using Lokfix (two-component
polyester resin anchoring grout) (Fig. 5(d)). After anchoring
the steel injection packers, surface cracks are sealed with
Renderoc leak plug, so that the grout will not escape
through the surface cracks. The setting time of the leak plug
is approximately 1-2 minutes at 30degree centigrade
ambient temperature. After suitable surface preparation, the
cracks in the core concrete are sealed by grouting (Fig. 5(e))
using Conbextra EP 10, an epoxy based low viscous
pressure grout using grouting machine. The grout has a pot
life of 50 minutes and the entire grouting operation is
carried out before the pot life of the grout.

i 5y

(c) Installation of steel injection packers

.
T

(d) Sealing of injection (e) Epoxy grouting of the
packers core concrete

-

(g) Re-laying of concrete
(f) Application of bond coat using non-shrink repair
on existing concrete surface mortar
Fig.5 Step-by-step procedure for repair of damaged beam-
column sub-assemblages

After completion of epoxy grouting of the core concrete,
the cover concrete is laid by using cementitious precision
mortar Conbextra GP2. Conbextra GP2 is a blend of
Portland cement, graded fillers and chemical additive in
powdered form. Conbextra GP2 is mixed with 8mm
downgraded aggregates and water in the ratio of 1:0.5: 0.18
(GP2:8mm aggregates: water). This would yield
compressive strength of 60 MPa and flexural strength of 9
MPa (as per Fosroc technical data sheet). At first, an
epoxy based bond coat is applied on the old concrete
surface (Fig. 5(f)) so as to ensure proper adhesion between
the old concrete surface and new cementitious mortar to be
laid. The non-shrink repair mortar is laid into the wooden
shutters arranged around the joint region and re-laying of
beam-column sub-assemblage is carried out (Fig. 5(g)). The
re-laid region of the beam-column sub-assemblage is wet
cured for 7 days.

5. Steel bracket and haunch hybrid scheme for
retrofitting of specimens

5.1 Force flow mechanism of sub-assemblage with
double haunch retrofit

The introduction of double haunch near the joint region
of beam-column sub-assemblage reduces the bending
moment and shear force at joint as shown in Fig.6. The
reduction of beam bending moment in turn reduces the
shear demand on the joint. The vertical component of
haunch force is expressed in terms of non-dimensional
parameter f;, which is defined as the ratio of vertical
component of haunch force to beam tip loading.
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The reduced beam moment (Mg, at the face of the
joint due to the introduction of haunch is given by,

B1Vpd
Mg = Vg(Le + a) — B1Vza — ﬁ 2

The reduced column moment (Mg, jt) at the face of the
joint due to the introduction of haunch is given by,

MC,jt = Vc(H + b) - ﬁZVCb - O.SﬁzVCh tan 0 (3)

where Vg and V¢ are beam tip loading and column shear
respectively. Lc is length of beam between point of contra
flexure and haunch-beam connection. d and h are depth of
beam and column respectively. 8 is orientation angle of
haunch. a and b are distances between joint face and haunch
connection points at beam and column respectively as
shown in Fig.6(a). The haunch force factor for double
haunch retrofit under lateral load alone case with integral
connection was presented by Pampanin et al. (20006).
Further, the analytical formulations for evaluation of
haunch force factor for single haunch retrofit with integral
and post-installed anchor connections are presented by
Kanchanadevi and Ramanjaneyulu (2018) for both lateral
load alone and combined lateral load and gravity load. In
present study, the formulations are presented for combined
lateral load and gravity load case for integral connection of
double haunch retrofit.
The beam moment at a distance ‘x’ from the haunch-
beam connection is given by,
My = (Lo + 2)Vp — 222 — B,V @

2tan@

The stress induced in the beam at section ‘x’ from the
beam-haunch connection, due to the moment is given by,

_ Vad

Ox = 21g

(L¢ + x — B1x — 0.5B,dcotB) (5)

The horizontal (Aun) and vertical (Ayy) deformations of
beam at the haunch location due to the axial shortening and
bending deformation of beam are given by Eq. (6) and (7)
respectively,

a oxdx
Dpn= [, R (6)
a My xdx
Bov=Jy —p (7

The moment at a distance ‘y’ from the haunch-column
connection is given by,

M, = (H — 0.58;, htan )V + (1 — B)Vcy (8)
The stresses developed at the section ‘y’ from the
column-haunch connection is given by,
_Vech B2Vctan

O-y - 2I¢ (H +y_.82y_ 05,32htan9) _A—C (9)

Similarly, deformation of column due to axial
shortening and bending deformation are evaluated using Eq.
(10) and (11) at haunch column connections.

b oydy
Bon= J, 2= (10)
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Evaluate haunch force factor B, and B, from Equations (13) and (14)
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Fig.7 Step-by-step procedure for design of haunch retrofit

b Myydy
A= fo L:clc (11)

The expression for haunch force factor B could be
established by enforcing displacement compatibility
between beam-column sub-assemblage and haunch as
given by,

(Appcos @ + Ay, sinf) — (A, sin@ + A, cos 0) =
B1VBLp (12)

sin OApEs

The expression for haunch force factor B; for double
haunch, is obtained as follows.

_ b 6Lc,d+3ad+6Lcb+4ab+X+Z

Br= T (13)

a 2 2
6bd+3d%+4b%+5 e Bl

3Hb?(2Lc+2a+h)Ig |, 2b3(2Lq+2a+h)Ig

Where X = (13a)
aHclc aHc¢lc
3Hhb?(2Lc+2a+h)Ig . 3hb3(2Lc+2a+h)ip
7 = . < + 2” (13b)
a“Hclc 2a%Hclc
3n%b31g | 6b3Ig = 3b3nIg , 2b3Ip
Y = 13(c)

2Ica3 Aca3 Ica? Ica

Based on the equilibrium of forces, the relation between
B1 and B, could be established and given by Eq. (14).

B, = —Lifle (14)

- (2L¢+2a+h) tan 6

where, A= area of cross section of column; Ap= area of

cross section of beam; E~ Young’s Modulus of concrete;
Ig= effective moment of inertia of beam; Ic= effective
moment of inertia of Column; Ky=ApE/Ly is the stiffness of
the haunch. Ay= area of cross section of haunch; Eg&=
Young’s Modulus of steel; L= Length of haunch.

The reduced joint shear (Vj) due to the introduction of
haunch is given by,

M .
V=== (V= BaVo) (15)

Where jd- is lever arm distance of beam.

Step-by-step procedure for the design of haunch retrofit
is presented in Fig.7. By varying the cross section, length
and orientation of the angle of the haunch, the value of
haunch force factor B; could be varied. In this procedure, if
the haunch yields, the horizontal and vertical components
of the haunch force are restricted to the yield strength of
the haunch. By appropriate selection of haunch geometry,
the desired strength hierarchy (i.e. flexural hinging of beam
should occur first before the other modes of failure) of sub-
assemblage could be arrived.

5.2 Development and design of steel bracket and
haunch hybrid retrofit

The primary function of haunch is to provide the
alternate force path and to reduce the demand on the joint.
The portion of beam near the intersection of beam and
column of deficient specimens would incur severe damage
under reverse cyclic loading. It is observed that by
providing bracket, cracking at the joint can be prevented
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(Kanchanadevi et al. (2018)). Since the retrofit scheme is
being proposed for damaged specimens, it is essential to
strengthen this portion. Hence, steel brackets are provided
to strengthen the portion of beam near the intersection of
beam and column. The steel bracket and haunch hybrid
retrofit scheme (Fig.8(a)) combines the merits of both steel
bracket and steel haunch. Steel bracket and haunch are
connected by means of two steel square rods as shown in
Fig. 8(a) in order to prevent the buckling of the haunch.

The haunch retrofit for the beam-column sub-
assemblage specimens is designed using the procedure
outlined in Fig.7. For GLD specimen, in order to prevent
anchorage failure of beam bottom bars (16mm bars require
development length of 560mm and length of bars projected
into the column is 210mm), the haunches are connected at
400mm from the inner face of the column. For specimens
SP2 and SP3, the purpose of the retrofit is to prevent the
joint shear failure and as the specimens are seismic load
designed, improvement in load carrying capacity is not
needed and hence, the haunch can be connected to the beam
at distance as close as possible from the joint face, but
should prevent joint shear failure. After several trials (as per
procedure specified in Fig.7 for designing of the haunch
retrofit), a distance of 300mm between haunch connection
and the joint face is arrived for seismic load designed
specimens SP2 and SP3. A 25mm square haunch with 45
degree orientation angle with the horizontal is adopted for
all the specimens. Thus, the length of haunch is 565mm for
retrofit of GLD (SP1) and it is 425mm for seismic load
designed specimens (SP2 and SP3).

The haunches are designed to yield at the yielding of
beam top reinforcement. The geometrical and connection
details of hybrid haunch retrofit are given in Figs.8 (a) and
(b) respectively. The ends of haunch are also stiffened by
two triangular plates at each end as shown in Figs. 8(a) and
(b). The gravity load designed (SP1), non-ductile (SP2) and
ductile (SP3) specimens which were damaged during
reverse cyclic loading are repaired and then retrofitted with
double steel bracket and haunch hybrid retrofit systems (one
each at top and bottom faces of beam as shown in Fig.8(b))
and are designated as SPI-R1, SP2-R1 and SP3-Rl
respectively. For the sub-assemblages shown in Fig.1(b),
the effective moment of inertias of the beams are evaluated
from the curvature analysis of the section and used for
evaluation of haunch force factors ; and B, for retrofitted
specimens (SP1-R1, SP2-R1, SP3-R1). The haunch force
factors are presented in Table 4.

5.3 Strength hierarchy of control and retrofitted
specimens

The strength hierarchy of the control (SP1, SP2 and
SP3) and double haunch retrofitted (SP1-R1, SP2-R1 and
SP3-R1) beam-column sub-assemblages are established in
terms of equivalent beam tip loading (Vg). Five modes of
failure namely, beam shear failure (B;), beam flexure failure
(Bf), column flexure failure (Cs), column shear failure (Cs)
and joint shear failure (Js) are considered for arriving at
strength hierarchy of control and retrofitted specimens. The
flexural and shear capacities of the beams and columns are

Bracket of length 300mm
size 150 x 150 x 12 mm

Stiffener rod of
16 mm square

Haunch of
25 mm square

Triangular stiffener plate of
size 100 x 100 x 10 mm
45° a,b=400mm for SP1
[~— Bearing plate of size a,b=300mm for SP2

450 x 100 x 16 mm and SP3

Fig. 8(a) Geometrical details of steel bracket and haunch
hybrid retrofit

Fig. 8(b) 3D view of steel bracket and haunch hybrid
retrofit

Table 4 Haunch force factors for the retrofitted specimens

Specimen B B2
SP1-R1 1.96 2.02
SP2-R1 1.77 1.82
SP3-R1 1.88 1.94

evaluated based on IS 456(2000). The shear strength of
unreinforced joint of specimen SP1 is evaluated as capacity
corresponding to principal tensile stress reaching a value of
0.42Vf,, where f. is compressive strength of concrete. For
other two specimens SP2 and SP3, the joint shear strength
is evaluated based on softened strut and tie model proposed
by Hwang and Lee (1999). The strength hierarchy evaluated
for beam-column sub-assemblages before and after
introduction of hybrid haunch retrofit is shown in Fig.9(a)
and (b) respectively. It could be observed from Fig.9(a) that
all the three control specimens SP1, SP2 and SP3 showed
joint shear mode of failure prior to the introduction of
retrofit. After the introduction of the haunch retrofit, the
mode of failure of the repaired and retrofitted specimens
(SP1-R1, SP2-R1 and SP3-R1) changed from joint shear
failure to beam flexural failure as can be witnessed from
Fig. 9(b).
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introduction of double haunch retrofit

6. Comparative seismic performance of hybrid
haunch retrofitted and control beam-column sub-
assemblages

The retrofitted beam-column sub-assemblages namely
SP1-R1, SP2-R1, SP3-R1 are tested under reverse cyclic
loading using the loading protocol shown in Fig.4. The
seismic performance of the repaired and retrofitted
specimen is compared with the corresponding control
specimen in terms of load-displacements, strength
degradation, displacement ductility, energy dissipation,
viscous damping and damage index and the results are
discussed in the succeeding section.

6.1 Load displacement behaviour of specimens

The load-displacement hysteresis curves obtained for
the undamaged control (SP1) and retrofitted (SP1-R1) GLD
specimens are shown in Fig.10. The control specimen SP1
showed poor hysteretic performance as it encounters
anchorage failure of beam bottom reinforcement bars
during the positive cycle of loading at the displacement
cycle of 25mm (+1.47%) marked as A and this could be
witnessed by opening up of wide joint crack as shown in

Fig.10 as damage at A. During the negative cycle, at S0mm
(-2.94%) marked as B, the specimen had undergone joint
shear degradation as shown in Fig.10 due to the absence of
transverse reinforcement in joint region as in a typical olden
construction practice. But the repaired and retrofitted GLD
specimen SP1-R1 showed superior hysteretic performance
when compared with that of the control GLD specimen SP1
in terms of both load carrying capacity and sustaining larger
drift levels. During the positive cycle of loading, the
damage progression had happened in the form of widening
of flexural crack (which is developed at the location of
construction joint between the re-laid and old concrete in
the repaired specimen) in the closer vicinity of the joint as
shown in Fig.10 as damage at A’. With further drift
increments, the flexural cracks at construction joint are
widened during the positive cycle, and hence, increase in
the load carrying capacity beyond the control specimen is
not observed in repaired and retrofitted specimen. However,
the provision of double hybrid haunch retrofit successfully
prevented the brittle anchorage failure of beam bottom
reinforcement bars and the specimen SP1-R1 sustained very
large drift ratio of about +5.88% (100mm) compared with
2.94% (50mm) sustained by control specimen SP1. There is
huge improvement in the load carrying capacity of the
specimen SP1-R1 compared with that of the control
specimen SP1 in the negative cycle of loading due to the
haunch action. During the negative cycle of loading, the
failure mode of the repaired and retrofitted specimen SP1-
R1 changed from joint shear failure to beam flexural failure
and little damage is witnessed in the joint as shown in
Fig.10 as damage at B’.

The load-displacement hysteresis curves obtained for
the control (SP2) and repaired and retrofitted (SP2-R1) non-
ductile specimens are shown in Fig. 11. In the specimen
SP2, the load has increased till the drift ratio of +2.2 %
(37.5mm) in both positive and negative cycles of loading
and from the drift ratio of +2.94% (50mm) uniform strength
degradation is observed as shown in Fig.11 due to joint
shear degradation. But the specimen SP2-R1 showed
enhanced hysteretic performance when compared with that
of the control specimen SP2 by sustaining larger drift ratios
without strength degradation. The damage incurred by the
control (marked as A and B) and retrofitted specimens
(marked as A’ and B’) at the drift ratio of 2.94% (50mm) of
the non-ductile specimen are shown in Fig.11. From Fig.11,
it could be observed that damage progression in control
non-ductile specimen SP2 is predominantly through joint
shear degradation which is witnessed by wide diagonal
cracking of joint. In the case of specimen SP2-R1, even
though the specimen showed joint cracks, the crack width is
smaller than that in SP2 and also beam flexural cracking is
observed as shown in Fig.11. The specimen SP2-R1 carried
larger peak load when compared with that of the specimen
SP2 during the positive cycle of loading but during the
negative cycle of loading, the specimen SP2-R1 carried
slightly lower peak load when compared with that of the
specimen SP2. Even though the repaired and retrofitted
specimen SP2-R1 carried slightly lower peak load in the
negative cycle, it sustained the maximum load till the drift
ratio of 5.88% (100mm) in both positive and negative
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cycles. This is due to the formation of the beam plastic
hinge and the major damage progression had happened in
the form of flexural cracking of beam even though the joint
region has suffered damage. The repaired and retrofitted
specimen SP2-R1 could meet the expected ductility
performance level displacement of 75mm (4.41%) by
sustaining nearly same peak load in both positive and
negative cycles of loading without strength degradation.
The load-displacement hystereses obtained for the
control (SP3) and repaired and retrofitted (SP3-R1) ductile
specimens are shown in Fig. 12. The specimen SP3
sustained maximum load till the displacement level of
87.5mm (+5.14%) and 62.5mm (-3.67%). The damage
incurred by the control ductile specimen SP3 at the drift
ratio of +5.14% and -3.67% are marked as A and B

respectively in Fig.12. From Fig. 12, it may be noted that,
the retrofitted specimen SP3-R1 showcased better
performance even though joint failure could not be avoided.
The damage progression happened in mixed mode i.e. joint
cracking and beam flexural cracking in the case of
specimen SP3-R1 and finally through joint shear
degradation beyond displacement of 112.5mm (+6.61%)
and -100mm (-5.88%) in positive and negative cycles of
loading respectively. The damage incurred by the repaired
and retrofitted specimen at drift ratio of +5.14% and -3.67%
(i.e. at the beginning of strength degradation in control
specimen SP3) are marked as A’ and B’ respectively as
shown in Fig.12. It could be observed that the repaired and
retrofitted specimen showed better damage progression
when compared with control specimen SP3. The specimen
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Fig.12. Load displacement hystereses of control (SP3) and repaired and retrofitted (SP3-R1) beam-column sub-assemblages

SP3-R1 carried slightly higher peak load when compared
with the specimen SP3 in the positive cycle of loading. In
the negative cycle, both specimens carried same peak load.
But the peak loads are attained at different drift ratios.
During the positive cycle of loading, the specimen SP3-R1
carried peak load at the drift ratio of +5.88% (100mm),
whereas the specimen SP3 carried maximum load at the
drift ratio of +2.2% (37.5mm). During negative cycle of
loading, the specimen SP3 carried maximum load at the
drift ratio of -2.94% (50mm) and the retrofitted specimen
SP3-R1 carried the maximum load at the drift ratio of -
4.41% (75mm). The specimen SP3 exhibited strength
degradation behaviour after the drift ratio of +5.14% and -
3.67% in the positive and negative cycles of loading
respectively. The specimen SP3-R1 sustained the maximum
load till the drift ratio of +6.61% (112.5mm) in positive
cycle. In the negative cycle, peak load is sustained till the
drift ratio of -5.88% (100mm) with less than 15%
degradation in the peak load. Even though the joint shear
cracks are appeared in SP3-R1 at the drift ratio of -1.47%,
the strength degradation had happened after the drift ratio of
-5.88% during the negative cycle and this may be due to the
reduction of joint shear demand due to the haunch action.

In specimen SP3-R1, joint shear could not be avoided
due to following reason. In the case of specimen SP3, the
joint was damaged completely at higher drift ratios during
the reverse cyclic loading, unlike the other two specimens
tested where in the joint damage is relatively less.
Furthermore, the repair mortar used for joint repair is
cementitious mortar with tensile strength nearly same as
that of parent concrete. After initial cracking of joint at the
drift ratio of +1.47%, the joint strength depleted due to
material softening behaviour of the repair mortar which
ultimately resulted in the joint shear failure at larger drift
cycles. This could be overcome by using fibre reinforced
concrete for repair of damaged joint panel region.

The length of plastic hinge is evaluated based on the
analytical expression given by Paulay and Priestley (1992)
and presented in Eq. (16).

L,=0.08L+0.022df, (16)

Where L, is length of plastic hinge, L is length of beam
and dy is the diameter of reinforcement bar and f is yield
stress of longitudinal reinforcement. The length of plastic
hinge (Lpana) estimated using Eq.16 is presented in Table 5.
The plastic hinge length is also evaluated experimentally as
length of extensively damaged zone as suggested by
Elmenshawi ef al. (2012). Accordingly, the length of plastic
hinge (Lpgxp) is evaluated for all the specimens as length of
damaged portion at ultimate deformation (d.) and are
presented in Table 5. The ultimate deformation () is the
post-peak deformation corresponding to 15% drop in peak
load.

The load-displacement envelopes obtained for the
undamaged control and retrofitted specimens are shown in
the Fig. 13. The maximum load carried by the control GLD
specimen SP1 during the positive and negative cycles of
loading are 39kN and 85kN respectively. Whereas the
maximum load carried by the repaired and retrofitted GLD
specimen SP1-R1 during the positive and negative cycles of
loading are 43kN and 109 kN respectively. The maximum
load carried by the control non-ductile specimen SP2 are
found to be 58kN and 112kN in positive and negative
cycles respectively. The maximum load carried by the
repaired and retrofitted non-ductile specimen SP2-R1 are
found to be 63kN and 102kN in positive and negative
cycles respectively. The maximum load carried by the
control ductile specimen SP3 are found to be 94kN and
123kN in positive and negative cycles respectively. The
maximum load carried by the repaired and retrofitted
ductile specimen SP3-R1 is found to be 102kN and 122kN
in positive and negative cycles respectively. The load
envelopes obtained for the repaired and retrofitted
specimens would give insight into the improvement in load
carrying capacity and enhancement in capacity to sustain
the peak load till larger drift ratios. The encircled portions
of the load—displacement curves of beam-column sub-
assemblages shown in Fig.13 clearly highlight the superior
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Table 5 Length of plastic hinge of control (SP1, SP2, SP3) and retrofitted (SP1-R1, SP2-R1, SP3-R1) specimens

. Beam top Beam bottom
Specimen L
P,Ana. LeExp. Nature of LpAna. LpExp. .
ID Su (mm) . Su (mm) Nature of hinge
(mm) (mm) hinge (mm) (mm)
SP1 49 312 10 No hinge 30 300 35 No hinge
formation formation
SP1-R1 57 399 10 No hinge 55 300 25 No hinge
formation formation
SP2 88 344 300 Mixed mode 100 344 275 Mixed mode
failure failure
SP2-R1 75 312 400 Flexural hinge 62 300 150 -
SP3 113 399 275 Flexural hinge 98 300 275 Flexural hinge
SP3-R1 115 344 300 Mixed mode 120 344 300 Mixed mode
failure failure
60
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Fig. 13 Load displacement envelopes of control and
retrofitted beam-column sub-assemblages

post-peak performance demonstrated by repaired and
retrofitted specimens compared with corresponding control
specimens.

Degradation in global strength of control and retrofitted
specimens, with the increment in drift ratio is shown in
Fig.14. Global strength degradation is evaluated as
reduction in the strength corresponding to first cycle of each
drift ratio with respect to the peak load, after attaining peak
load. In the case of control GLD specimen SPI1, the
beginning of strength degradation took place at the drift
ratio of 1.47% during positive cycle. Whereas, in the case
of retrofitted GLD specimen SP1-R1, the strength
degradation began at the drift ratio of +2.94%. In retrofitted
specimen SP2-R1, strength degradation is less than 15% at
drift ratio of 5.88% (i.e. maximum drift sustained by control
non-ductile specimen SP2) in both positive and negative
cycles of loading. Whereas, the control specimen SP2
showed strength degradation of 50% and 62% respectively
in positive and negative of cycles of loading at the drift
ratio of 5.88%. At 7.05% drift ratio, the control and
retrofitted ductile specimens SP3 and SP3-R1 showed
strength degradation of 35% and 9.27% respectively in
positive cycle. In the negative cycle, SP3 and SP3-Rl1
showed strength degradation of 50% and 25% respectively
at -7.05%. Thus, all the repaired and retrofitted beam-
column sub-assemblages exhibited lower strength
degradation behaviour when compared with that of the
corresponding control beam-column sub-assemblages.

6.3 Displacement ductility

The displacement ductility ratio is defined as the ratio of
post-peak displacement corresponding to 85% of the
ultimate load to that of the yield displacement (ECS8
(2004)). Based on the data acquired during the testing of all
the beam-column sub-assemblages, the displacement
ductility of the specimens is evaluated using Eq. (17) and
are presented in Table 6.

— Amax 17

Ayield a7
Where, Amax = Post-peak displacement corresponding to
85% of peak load;

Ayiela = displacement corresponding to yielding of steel.



252

80 4

A. Kanchanadevi and K. Ramanjaneyulu

o GLD Non-ductile Ductile
w0l % —A—SP1 —A—SP2 —A-SP3
4
S £ SPI-RI SP2-RI o
g401 =
=
=
cn 20 4
-
=
E‘ V= —— ————— . —m — — w———— = — — e
§Dml.%ﬂ/}\‘4 6 0 1 2 6 _7 0 1 2 8
L T rato
= 20 4 ° Drift ratio (%) Drift ratio (%)
2 .
&) -
40432
=
¢
-
60 4 %
Fd

Fig.14. Global strength degradation of control and retrofitted specimens

Table 6 Displacement ductility (u) of control (SP1, SP2, SP3) and retrofitted (SP1-R1, SP2-R1, SP3-R1) specimens based on

experimental study

Specimen Ductility (1) Ductility (1) Response reduction factor Maximum expected
ID (in positive cycle) (in negative cycle) (R) Ductility pe

SP1 Bars not yielded 2 NA NA

SP1-R1 * 3 NA NA
SP2 2 2 3 3

SP2-R1 3 4.5 3 3
SP3 4 3.5 5 5

SP3-R1 5 45 5 5

* the construction joint restricted the load carrying capacity and bars have not yielded at that load level

The global yield point is calculated from equivalent
bilinear curves of the test specimens based on reduced
stiffness equivalent elasto-plastic yield. This yield point is
found to be closer to the displacement corresponding to the
yielding of beam reinforcement bars. This may be due to
the fact that in all the specimens, yielding of reinforcement
bars occurred prior to the joint degradation. Hence, the
global yield point is characterised by the yielding of steel
bars in the cases considered in the study.

IS 1893 (2002) recommends a response reduction factor
of 3 and 5 for ordinary moment resisting frames (OMRF)
i.e. non-ductile frames and special moment resisting frames
(SMRF) i.e. ductile frames. Response reduction factor is the
factor by which base shear that would be generated if the
structure were to remain elastic during its response to the
Design Basis Earthquake (DBE) shaking, shall be reduced
to obtain the design lateral force. In present study, the non-
ductile and ductile specimens are designed using response
reduction factor of 3 and 5 respectively. The response
reduction factor is the measure of the perceived seismic
performance of the structure under earthquake. As the
structure is designed for lesser seismic force, it is expected
to have ductility proportional to the response reduction
factor. Hence, the beam-column sub-assemblages SP2 and
SP3 are expected to have displacement ductility of 3 and 5
respectively in the absence of over strength. This is the
limiting case. From Table 6, it may be noted that the
retrofitted GLD specimen SP1-R1 had a displacement

ductility of three during negative cycle of loading. The
control specimen SP2 could reach the displacement
ductility of two in both positive and negative cycles of
loading. Whereas, the specimen SP2-R1 attained the
expected displacement ductility of three in positive cycle
and much more than the expected displacement ductility of
three in negative cycles. In the case of specimen SP3-R1,
the retrofit succeeded in bringing back the load carrying
capacity of the repaired and retrofitted specimen to the level
of undamaged control ductile specimen SP3. The specimen
SP3 could reach displacement ductility of 4 and 3.5 in
positive and negative cycles of loading respectively. On the
other hand, the specimen SP3-R1 attained displacement
ductility of 5 and 4.5 in positive and negative cycles of
loading respectively closely meeting the expected
displacement ductility of 5. The retrofitted specimens
demonstrated the suitability of hybrid haunch retrofit for
use in seismic zones.

6.4 Energy dissipation

The cumulative energy dissipated by control and
retrofitted specimens are shown in Fig.15. It may be
observed from Fig. 15(a) that cumulative energy dissipated
by the retrofitted specimen SP1-R1 is far greater than that
of the control specimen SP1 for all the drift ratios. The total
cumulative energy dissipated by the specimens SP1 and
SP1-R1 are 11.65 kNm and 75.9 kNm respectively. The
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total cumulative energy dissipated by the repaired and
retrofitted GLD specimen SP1-R1 is nearly 6.5 times that of
the control specimen SP1. This tremendous improvement in
the energy dissipation capacity of the repaired and
retrofitted GLD specimen is due to the prevention of
anchorage failure of beam bottom reinforcement bars
during the positive cycles and delaying the shear damage of
the joint in the negative cycles.

From Fig. 15(b), it may be observed that the repaired
and retrofitted non-ductile specimen SP2-R1 dissipated
nearly the same energy as that of the control specimen SP2
till the drift ratio of 1.47%. Beyond that drift ratio, the
energy dissipated by SP2 is lower than that of SP2-R1 in all
the subsequent drift ratios. At the final stage of loading of
SP2, i.e. at the drift ratio of 5.88%, the cumulative energy
dissipated by specimens SP2 and SP2-R1 are 44 kNm and
72.5 kNm respectively. The cumulative energy dissipated
by the repaired and retrofitted specimen SP2-R1 till the drift
ratio of 5.88% is nearly 1.64 times that of control specimen
SP2. Further, the total cumulative energy dissipated by the

A

Fig. 16 Model for evaluation of equivalent viscous
damping co-efficient
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and retrofitted beam column sub-assemblages
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specimen SP2-R1 is 101.79 kNm as against 44 kNm of
SP2. Thus, the total cumulative energy dissipated by the
repaired and retrofitted specimen SP2-R1 is 2.31 times that
of control specimen SP2.

From Fig. 15(c), it may be observed that cumulative
energy dissipated by the repaired and retrofitted ductile
specimen (SP3-R1) is nearly same as that of the undamaged
control specimen SP3 till the drift ratio of 2.94%. For the
drift ratios between 2.94% and 5.14%, the energy dissipated
by repaired and retrofitted specimen SP3-R1 is little lower
than energy dissipated by undamaged control specimen
SP3. Beyond the drift ratio of 5.14%, the energy dissipated
by the retrofitted specimen SP3-R1 is greater than that of
the control specimen SP3 till the drift ratio of 7.05%. The
total cumulative energy dissipated by the retrofitted
specimen SP3-R1 and the control specimen SP3 are 137.6
kNm and 113.3 kNm respectively. Thus, the total
cumulative energy dissipated by the repaired and retrofitted
ductile specimen SP3-R1 is 1.21 times that of the control
specimen SP3.

6.5 Equivalent viscous damping

The dissipated energy could also be expressed in terms
of equivalent viscous damping co-efficient A. The
equivalent viscous damping co-efficient (A) is evaluated
based on the model shown in Fig.16 and represented in Eq.

(18).

. 1 Area of hystersis loop DGBHD 18
" 2m Area under triange ABC + Area under triangle ADE (18)

The values of equivalent viscous damping coefficient
evaluated for control and retrofitted specimens are
presented in Fig.17. From Fig.17(a), it could be observed
that there is considerable improvement in damping
properties of retrofitted GLD specimen SP1-R1 when
compared with the control GLD specimen. Similarly, the
retrofitted non-ductile specimen SP2-R1 showed marked
improvement in viscous damping co-efficient. The

retrofitted specimen SP3-R1 showed higher viscous
damping when compared with specimen SP3 till the drift
ratio of 1.47% and beyond the drift ratio of 5.14%. But its
viscous damping co-efficient is lower than that of
undamaged specimen SP3 for the drift ratios between
1.47% and 5.14%. This is due to the difference in the drift
level at which the peak loads are attained by control and
retrofitted specimens. In control specimen SP3, peak loads
are attained at +2.2% and -2.94%. Whereas, in the case of
retrofitted specimen SP3-R1, peak loads are attained at
+5.88% and -4.41% respectively during positive and
negative cycles. From Fig.17, it may be noted that all the
repaired and retrofitted specimens showcased enhanced
viscous damping.

6.6 Evaluation of damage Index

Park and Ang (1985) model as given in Eq. (19) is used
to evaluate damage index (D) of beam-column sub-
assemblages tested under reverse cyclic load. This damage
model uses the linear combination of ultimate deformation
and hysteretic energy for evaluation of damage as given by
Eq. (19). The first part is due to the damage caused by
excessive deformation and the second part is contribution of
repeated cyclic loading effects to the damage.

Om B
D 5, +Qy5uJ’dE (19)
where O, and 8, are the maximum deformation under
seismic loading and the ultimate deformation under
monotonic load respectively. Since ultimate deformation
under monotonic loading is not available, the value of §, is
evaluated as post-peak deformation corresponding to 15%
drop in peak load, as specified in EC8(2004). Qy is the yield
strength; dE is the incremental adsorbed hysteretic energy;
Based on the regression analysis performed on the data of
402 reinforced concrete components of rectangular cross
section which were tested till failure, Park and Ang (1987)
suggested a value of 0.05 for B, for getting minimum
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variance solution for reinforced concrete component.
However, Cosenza ef al. (1993) and Karayannis and Golias
(2018) reported that the damage index calculated using Park
and Ang model with B = 0.15 correlates closely with the
results of other models. Hence, B = 0.15 is adopted in
present study. The damage indices for all the control (SP1,
SP2, SP3) and retrofitted (SP1-R1, SP2-R1 and SP3-R1)
specimens are evaluated using this parameter and compared
in Fig.18.

The damage incurred by specimens are compared with
reference to common damage index of 1.0. The evaluated
damage index of the control GLD specimen SP1 is 1.0 at
the drift ratio of 1.47%, whereas the damage index of
retrofitted GLD specimen SP1-R1 reached a value of 1.0 at
drift ratio of 2.2%. Furthermore, the damage index of
control non-ductile specimen SP2 attained value of 1 at drift
ratio of 2.2%. Whereas, the damage index of retrofitted
non-ductile specimen SP2-R1 reached a value of around 1
at drift ratio of 2.94%. The damage index of control ductile
specimen SP3 attained a damage index value of 1 at drift
ratio of 2.94%. The retrofitted ductile specimen SP3-R1
attained a damage index value of 1 at drift ratio of 3.67%.
Thus, the retrofitted specimens SP1-R1, SP2-R1 and SP3-
R1 showed improved performance by delaying the damage.
It could be observed that the damage indices of all the
retrofitted specimens are lower when compared with their
control undamaged counterparts, which demonstrates the
efficacy of the retrofit adopted for earthquake damaged
beam-column sub-assemblages.

7. Conclusions

Experimental investigations are carried out on beam-
column sub-assemblages designed for three different levels,
namely, i) Gravity load designed (SP1) (ii) seismic load
designed without ductility detailing (SP2) and 1iii) Seismic
load designed with ductility detailing (SP3), under reverse
cyclic loading. These three types of specimens damaged
under reverse cyclic loading, are then repaired and
retrofitted using the innovative steel bracket and haunch
hybrid retrofit solution proposed in this study. Furthermore,
experimental investigations on repaired and retrofitted beam
column sub-assemblages (SP1-R1, SP2-R1, SP3-R1) are
carried out under reverse cyclic loading. The following
conclusions are drawn from the experimental investigations
carried out on undamaged control and retrofitted beam-
column sub-assemblages of three different categories:

. The steel bracket and haunch hybrid retrofit
adopted in SP1-R1 succeeded in preventing the anchorage
failure of beam bottom reinforcement bars and this
specimen could sustain higher drifts without any substantial
reduction in load carrying capacity during the positive cycle
of loading. During the negative cycle of loading, the retrofit
delayed the shear failure of the joint and succeeded in
transforming the failure from joint shear failure to beam
flexural failure. The retrofit improved the load carrying
capacity of the specimen SP1-R1 to the level of non-ductile
specimen SP2 and qualifies the GLD specimen to the
performance level of seismic load designed specimen.

. In the case of repaired and retrofitted specimen
SP2-R1, the retrofit solution delayed the joint shear damage
to the large extent and the specimen could sustain the peak
load till the drift ratio greater than that of the control
specimen SP2. Further, the retrofit succeeded in changing
the failure pattern from joint shear failure to mixed mode of
failure i.e. beam flexure and joint shear. The retrofit also
succeeded in improving the performance of specimen SP2
to the desired displacement ductility level of three.

. In the case of the repaired and retrofitted ductile
specimen (SP3-R1), the joint shear degradation is delayed.
The retrofit could restore the load carrying capacity of
damaged specimen to the level of undamaged specimen SP3
and also succeeded in achieving ductility closer to the
desired displacement ductility of five.

. Double Steel bracket and haunch hybrid retrofit
improved the ductility of all the repaired and retrofitted
specimens tested, especially huge improvement in ductility
is observed in the case of specimens SP1-R1 and SP2-R1.

. The retrofit improved the cumulative energy
dissipation of the specimens to large extent. The repaired
and retrofitted specimens SP1-R1, SP2-R1 and SP3-R1
dissipated nearly 6.5 times, 2.31 times and 1.21 times that
of the corresponding control specimens SP1, SP2 and SP3
respectively.

. Equivalent viscous damping co-efficient values
are found to be higher for retrofitted specimens when
compared with the control specimens at all the drift ratios.

. The retrofitted specimens undergone lesser
damage when compared with the control specimens. This
could be witnessed in terms of lower damage indices of
repaired and retrofitted specimens when compared with
their undamaged control counterparts at any drift ratio.

. By adopting the innovative steel bracket and
haunch hybrid retrofit, the challenging task of restoring the
load carrying capacity of damaged beam-column sub-
assemblage along with improved hysteretic performance
could be achieved. The innovative steel bracket and haunch
hybrid retrofit has demonstrated its effectiveness and
efficacy i) by demonstrating the improved hysteretic
behavior ii) by sustaining the peak load till higher drifts, iii)
by favored damage progression and iv) by many fold
increase in energy dissipation capacity. This innovative
retrofit scheme would definitely be an excellent candidate
for post-earthquake retrofit of damaged RC structures.
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