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Existing gravity load designed (GLD) structures are vulnerable to seismic event due to their

inherent weaknesses. The present study, focuses on the development of non-invasive and

feasible strategies for seismic upgradation of these non-seismically designed structures. Three

novel schemes, namely (i) single haunch upgradation scheme (U1), (ii) straight bar upgradation

scheme (U2) and (iii) simple angle upgradation scheme (U3) are proposed for seismic upgrada-

tion of GLD specimens. The efficacy and effectiveness of these upgradation schemes are

evaluated by conducting the reverse cyclic load tests on control and upgraded GLD exterior

beam-column sub-assemblages. The performance of the upgraded specimens is compared

with that of the control GLD beam-column sub-assemblage, in terms of load–displacement

hystereses, energy dissipation capacities and global strength degradation behaviour. Tremen-

dous improvement in the energy dissipation capacity to the tune of 2.63, 2.83 and 1.54 times

the energy dissipated by the control GLD specimen is observed in single haunch upgraded

specimens, straight bar upgraded specimen and simple angle upgraded specimen respectively.

The specimen with single haunch upgradation performed much better compared to the GLD

specimens upgraded with the other two schemes, by preventing the brittle anchorage failure,

delaying the joint shear damage and redirecting the damage partially towards the beam.

© 2017 Politechnika Wrocławska. Published by Elsevier Sp. z o.o. All rights reserved.
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1. Introduction

Prior to the introduction of modern seismic codes, the
structures were designed to cater for gravity loads, i.e. the
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self-weight of the structural components and possible
imposed vertical load acting on the structure. Hence, struc-
tural components of GLD structures do not have adequate
reinforcement to cater for the seismic forces. Further, joints of
GLD buildings lack confinement, transverse reinforcement
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and hence possess inadequate shear resistance. Insufficient
anchorage of the beam bottom reinforcement of GLD frames
leads to the anchorage failure or brittle bond failure under
seismic loading, leading to huge strength degradation.
Particularly, exterior joints of GLD building are more vulnera-
ble and critical as they do not possess a robust force transfer
mechanism. Hence, seismic upgradation of beam-column sub-
assemblages of GLD buildings has to be addressed immedi-
ately to prevent collapse of the existing GLD buildings under
seismic excitations.

Plenty of studies were reported in the literature on
upgradation/retrofitting of non-seismically designed beam-
column sub-assemblages using jacketing, near surface mount-
ing technique, fibre reinforced polymer (FRP) wrapping,
haunch retrofitting, joint enlargement, etc. Seismic retro-
fitting/upgradation using jacketing is a decade old method.
Upgradation or retrofitting of beam-column joints was carried
out by reinforced concrete jacketing [1,2], steel jacketing [3,4],
high performance fibre reinforced concrete jacketing [5–7],
hybrid jacketing i.e. combination retrofit strategies with
jacketing [8,9]. Seismic retrofit/upgradation using fibre rein-
forced polymer wrapping or anchoring or the combination of
the both was proved as an effective technique by El-Amoury
and Ghobarah [10], Prota et al. [11], Akguzel and Pampanin [12],
Sezen [13], and Realfonzo et al. [14]. Furthermore, Vecchio et al.
[15] proposed a new strength capacity model to predict the
increase in strength provided by FRP systems in the seismic
retrofit of poorly detailed corner joints. The accuracy of the
proposed model was assessed by comparing the predicted
results of the model with large database of experimental tests.
Near surface mounting technique is frequently complemented
with the FRP retrofit schemes for the effective retrofitting of
the parent member. Prota et al. [11] upgraded under-designed
interior beam-column joints by combined use of externally
bonded fibre-reinforced polymer (FRP) laminates and near
surface-mounted (NSM) FRP bars. The upgradation scheme
involves different combinations of FRP laminates around
column/beam with or without NSM bars.

The concept of haunch retrofit solution was perceived by
Yu et al. [16] for steel moment resting frames in view of
significant failure of welds during Northridge earthquake. The
concept of this haunch strengthening scheme was adopted
and implemented for GLD RC structures by Pampanin et al.
[17,18]. Genesio et al. [19] and Sharma et al. [20] investigated
the performance of haunch system connected to the beam and
column through post-installed anchors. This was termed as
fully fastened haunch retrofit system. Sharbatdar et al. [21]
retrofitted the damaged exterior beam-column joints using
steel prop and curb by providing two each at the top and
bottom faces of the beam and connecting the beam and the
column. It was reported that there was a significant increase in
ultimate load and decrease in degradation of retrofitted
damaged joints. Further, they reported that the energy
absorption was enhanced and the cracks were minimized
due to retrofitting. Shafaei et al. [22] proposed an innovative
seismic retrofit scheme for strengthening of non-seismically
detailed beam column joints by the use of prestressed steel
angle sections. It was found from their experimental study
that with proper implementation of strategy, the plastic hinge
can be relocated into the beam region. Campione et al. [23]
used steel cages for strengthening of the exterior beam-
column sub-assemblages and proposed a simplified analytical
model that can be used for pushover analysis. The results
obtained from their study highlighted the effectiveness of the
external steel cage as strengthening system, which increases
the flexural strength and facilitate to shift the failure mode
from the column to the beam.

Most of the reported works were successful in achieving the
desired seismic performance level either completely or
partially. However, when it comes to implementation on the
existing deficient structure, almost it is very difficult to
implement the reported retrofitting schemes as they need to
access column, beams and joints from all the four sides. The
expediency of any retrofitting scheme could be fully exploited
only when it is feasible to practice. Unless the retrofitting
scheme is implementable, it would become useless even
though the scheme is so robust. For this reason, in the present
study emphasis has been laid for the development of
implementable novel seismic upgradation scheme for GLD
structures. In an existing structure, the bottom portion of the
floor beam and adjacent column would be easily accessible
which is the key for the development of upgradation strategies
in the present study. The GLD beam-column joints are
susceptible to sudden anchorage failure under load reversals
and hence require systematic seismic upgradation. For this
reason, the primary aim of the present work is to avoid
anchorage failure of beam bottom reinforcement bars of GLD
structure and delaying the joint damage as far as possible
under seismic loading. The seismic upgradation of the exterior
beam-column sub-assemblages are carried out using three
novel schemes, namely (i) single haunch upgradation scheme
(U1), (ii) straight bar upgradation scheme (U2) and (iii) simple
angle upgradation scheme (U3). The first two upgradation
schemes provide an alternate force path and thereby reduce
the demand on the components of sub-assemblages whereas
the third scheme involves strengthening of the beam bottom
to prevent brittle anchorage failure of beam bottom reinforce-
ment bars. The efficacy of these novel upgradation schemes is
evaluated by conducting reverse cyclic load tests on the
retrofitted GLD exterior beam-column sub-assemblages. The
performance of the upgraded GLD specimens is compared
with the control GLD beam-column sub-assemblage, in terms
of load–displacement hystereses, energy dissipation capaci-
ties and global strength degradation behaviour.

2. Details of the beam-column sub-
assemblage specimens

An exterior beam-column sub-assemblage of a typical three
storied RC framed building as shown in Figs. 1(a) and (b) is
taken up. The general dimensions of beam-column sub-
assemblage are as follows: height of column segment is
3800 mm and length of beam segment is 1700 mm. The cross
sectional dimensions adopted for beam and column sections
are 300 mm � 400 mm and 300 mm � 300 mm respectively,
and the reinforcement details of GLD specimen are shown in
Fig. 1(c). It is important to mention here that the beam bottom
bars in gravity load designed specimen project straight into the
joint region. Four such specimens are cast and one of them is



Fig. 1 – (a) Building chosen for study. (b) Chosen typical exterior beam-column sub-assemblage. (c) Details of gravity load
specimen (SP1).
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control GLD specimen (SP1) and the other three specimens are
used for upgradation with three different schemes. The
concrete of mix proportions 1:1.695:3.013 with water cement
ratio of 0.5 is used for casting the specimens. The specimens
are cast and cured for 28 days using wet curing. The concrete
cylinders that are cast along with four beam�column sub-
assemblages are tested for compressive and split tensile
strength and the average strengths are as given in Table 1. The
material properties of steel reinforcement used for the study
are given in Table 2.
Table 2 – Material properties of steel reinforcement.

Diameter of reinforcement
(mm)

Yield strength of
steel (N/mm2)

8 527
16 520
20 545
25 535

Table 1 – Strength parameters of concrete.

Specimen ID Average compressive
strength (N/mm2)

Average split tensile
strength (N/mm2)

SP1 41.34 3.7
SP1-U1 38.71 3.29
SP1-U2 37.35 3.52
SP1-U3 38.5 3.22
3. Details of upgradation schemes

Three upgradation schemes are proposed in the present study,
with the view of implementing in the existing GLD structures
without any difficulty. The three schemes are (i) single haunch
upgradation scheme (U1), (ii) straight bar upgradation scheme
(U2), and (iii) simple angle upgradation scheme (U3).

4. Single haunch upgradation scheme (U1)

For single haunch upgradation scheme (U1), a single steel
bracing is introduced between adjacent beam and column
segments at the bottom of the beam as shown in Fig. 2(a). The
steel haunch bracing consists of 30 mm diameter plain steel
rod welded at both of its ends to square bearing plate each of
300 mm � 300 mm � 12 mm. The rod is stiffened by means of
the triangular stiffener plate of 150 mm � 150 mm � 6 mm at
both ends of the rod as shown in Fig. 2(a). The bearing plates
are connected to the faces of beam and column using adhesive
anchors (Hilti HAS-E bolts with HVU adhesive) of 20 mm
diameter and 170 mm embedment length. The bearing plates
are positioned at a distance of 400 mm from the face of the
joint to the centre of the plate. The haunch is designed as
yielding haunch at load corresponding to the yielding of
reinforcement bars at beam top. Hence, the haunch should be
capable of resisting the force till the yielding of beam top
reinforcement and thereafter sustains the same load. The size
of the haunch is arrived to cater for the force that would be



Fig. 2 – (a) Schematic details of single Haunch upgradation scheme (U1). (b) Schematic details of Straight bar upgradation
scheme (U2). (c) Schematic details of simple angle upgradation scheme (U3).
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directed into the haunch at the yielding of beam top
reinforcement. The introduction of haunch produces vertical
and horizontal forces at the haunch-beam and haunch-
column connection points. The vertical component of the
haunch force introduces shear opposite to beam shear (i.e.
beam loading) and horizontal component of the haunch force
at beam bottom produces a concentrated moment about the
beam centre at the location of haunch beam connection in the
direction opposite to that due to loading at the beam end.
Thus, there would be a reduction in the beam bending moment
due to vertical and horizontal components of haunch force.
The reduction in the beam bending moment in turn reduces
the joint shear, thus the presence of single haunch would
improve the load carrying capacity of the upgraded beam-
column sub-assemblage and also may tend to delay the
joint damage in a much better way compared to control GLD
beam-column sub-assemblage. This may also result in the
improvement in the energy dissipation capacity locally,
thereby improving the global energy dissipation of the
upgraded structure which is the most desired aspect from
the seismic resistant design point of view. Further, the haunch
acts as a partial support and enables the beam bottom bars to
develop and prevent the anchorage failure of beam bottom
reinforcement bars.

5. Straight bar upgradation scheme (U2)

The straight bar upgradation scheme (U2) consists of
introducing the mild steel bar of 30 mm diameter parallel
to the beam. The mild steel rod is connected to adjacent
beam and column segments by means of the stiffened
angles as shown in Fig. 2(b). The bearing plates of size
300 mm � 300 mm � 10 mm are welded to form an angle and
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this is stiffened on the sides by triangular stiffener plates of size
300 mm � 300 mm � 6 mm. A mild steel straight bar of 30 mm
diameter connects the two stiffened angles to form the full
assemblage as shown in Fig. 2(b). The straight bar assembly is
connected to beam and column segments of beam-column
sub-assemblage by means of adhesive anchors (Hilti HAS-E
bolts with HVU adhesive) of 20 mm diameter and 170 mm
embedment depth. This innovative straight bar upgradation
scheme is devised to provide an alternative means to cater to
the tensile force at beam bottom and thereby aids in preventing
the most brittle anchorage failure of beam bottom reinforce-
ment. The provision of straight bar would improve the load
carrying capacity of the beam-column sub-assemblage under
positive loading cycles [beam bottom bars under tension] and
this in turn results in the improvement in the energy
dissipation capacity of the upgraded specimen. Further, it
would produce concentrated moment about the centre of the
beam in the direction opposite to that caused due to the load at
beam tip and thereby reduces the beam moment which in turn
reduces the joint shear. The extent of reduction in beam
moment and joint shear in this scheme is less when compared
to that in the single haunch scheme. Hence, it is expected to
improve the load carrying capacity in positive loading cycles
and also there would be a slight improvement in load carrying
capacity in the negative loading cycles.

6. Simple angle upgradation scheme (U3)

Simple angle upgradation scheme (U3) consists of introducing
single stiffened angle underneath the beam and adjacent to the
column. The angle is made by welding two plates of size
300 mm � 300 mm � 12 mm. The angle is stiffened on the sides
by means of triangular stiffener plates of size 300 mm �
300 mm � 6 mm. Typical simple stiffened angle upgradation
scheme is as shown in the Fig. 2(c). The angle is connected to
beam and column segments of beam-column sub-assemblage
by means of the post-installed adhesive anchors of 20 mm
diameter and 170 mm embedment depth as shown in Fig. 2c.
The beam bottom is strengthened by single stiffened angle with
the view of preventing the anchorage failure of beam bottom
Fig. 3 – Set up and instrumentation adop
bars and to delay the cracking at the face of the joint. Hence, it is
expected to improve the load carrying capacity during the
positive cycle of loading and achieve improvement in the
energy dissipation capacity. This scheme is tried as it is the
simplest and would be at the lower limit compared to single
haunch and straight bar upgradation schemes. Further, this is
the easiest of all the upgradation schemes.

7. Set up and instrumentation adopted for
experimental investigations

The test specimens are instrumented with LVDTs (linear
variable displacement transducers), which were mounted on
the joint surface as well as on the beam and the column
segments to measure deflections along the length of beam and
column segments and to evaluate the rotation of the joint. The
strain gauges are affixed on the reinforcement bars of the
beam, columns and stirrups in the disturbed region. The test
setup is arranged on the test floor so that the beam-column
joint is positioned horizontally parallel to the test floor and the
cyclic load is applied in the plane of the test floor. The test set-
up, positioning of test specimen and instrumentation adopted
is shown in Fig. 3. An axial load of 300 kN is applied to the
column by a hydraulic jack at one end of the column against
the reaction block at the other end. The level of axial load
(about 10% of the strength) in the column is arrived by carrying
out an analysis of the global system of the three storey three-
bay building. The lateral load is applied on the beam tip in a
displacement control mode using 25 T actuator, according to
the load history shown in Fig. 4. Reverse cyclic load is applied
in terms of drift ratio (%) of the component where the drift ratio
is calculated as per Eq. (1).

Drift ratio ð%Þ ¼ Dl
lb

� �
�100 (1)

where, Dl and lb are the applied displacement at the beam tip
and the length of the beam from column face to the point of
application of the displacement increment respectively. Three
complete cycles are applied for each drift increment. Reverse
cyclic displacements of equal magnitude are applied to the
ted for experimental investigation.



Fig. 4 – Displacement history used in the experimental
investigations.
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specimens, where positive drift produces tension in the beam
bottom and negative drift produces tension in beam top. The
drift cycles are incremented till the failure of the specimen.

Experimental investigations are carried out on all the four
specimens, viz., control GLD specimen (SP1), GLD specimen
upgraded with single haunch upgradation scheme (SP1-U1),
GLD specimen upgraded with straight bar upgradation scheme
(SP1-U2) and GLD specimen upgraded with simple angle
upgradation scheme (SP1-U3). The data acquired during
experimental investigations on all the specimens are pro-
cessed in order to assess their seismic performance.

8. Results and discussion

Upon the application of reverse cyclic loading in the displace-
ment control mode, cracks are developed initially on the beam
Fig. 5 – Crack patterns observed in control and upgra
in all the four specimens till the drift ratio of 0.735%. Crack
patterns observed in all the specimens during positive cycle at
drift ratios of 1.47% (at anchorage failure of SP1) and 2.94%
(final stage of SP1) are shown in Fig. 5. In control GLD specimen
SP1, the damage progression happened in the form of
prominent joint crack at the face of the column due to
anchorage failure of beam bottom reinforcement during the
positive cycle of 1.47% drift ratio. Whereas at same drift ratio
the GLD specimen with single haunch upgradation (SP1-U1)
developed a distinct crack in the beam at the location of
haunch during the positive loading cycles. This crack got
widened with the drift increment as long as the haunch is
effective. The GLD specimen upgraded with straight bar (SP1-
U2), developed cracks in the beam at the drift ratio of +1.47%,
approximately at distance D/2 from the face of the joint, where
D is depth of the beam. Further, the diagonal shear cracks are
also appeared at the same drift cycle. With the further drift
increment, the damage progression happened in the form of
widening of diagonal shear cracks. During positive drift cycles
of 1.47%, the GLD specimen upgraded with simple angle (SP1-
U3) developed flexural crack approximately at 50 mm from the
face of the joint and fine hair�line diagonal shear cracks
appeared in the joint region. With the further drift increment,
the cracks are developed in the beam at the face of the angle-
beam connection as the presence of angle prevented the
widening of the joint crack and allowed the crack development
in beam beyond the location of angle. Thus, during the positive
cycle of loading the anchorage failure is avoided and yielding of
reinforcement is observed in the case of upgraded specimens
SP1-U1 and SP1-U2. In the case of upgraded specimen SP1-U3,
the anchorage failure happened at larger drift ratio, i.e. at 2.21%
as against 1.47% in the case of control GLD specimen SP1.

Crack patterns observed in all the four specimens during
negative cycles at drift ratios of �1.47% and �2.94%, are shown
ded GLD specimens during positive drift cycles.



Fig. 6 – Crack patterns observed in control and upgraded GLD specimens during negative drift cycles.
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in Fig. 6. During the negative cycles, all the specimens showed
similar behaviour, i.e. the diagonal shear cracks appeared at
the drift ratio of �1.47% and also yielding of reinforcement
commenced at the same drift cycle. Thereafter, the damage
progression had happened in the form of joint shear cracks
and degradation in load displacement behaviour. The single
haunch upgraded GLD specimen SP-U1 and the specimen
upgraded with straight bar SP1-U2 carried higher load
compared to that of the control GLD specimen SP1. There is
a delay in the shear failure in the case of these two upgraded
specimens, whereas the simple angle upgraded GLD specimen
SP1-U3 behaved similar to that of the control GLD specimen.

9. Load displacement behaviour of control and
upgraded GLD specimens

The load–displacement hysteresis curves obtained for all the
four specimens are depicted in Fig. 7. The control GLD
specimen SP1 being seismically deficient exhibited poor
hysteretic performance. At drift ratio of +1.47%, sudden load
drop is observed due to anchorage failure of beam bottom
reinforcement bars. With subsequent drift increments, the
load dropped drastically from the maximum load of 39 kN to
14 kN (Load corresponding to third cycle of 50 mm i.e. drift
ratio 2.94%). During the negative cycle, the yielding of beam top
reinforcement commenced at drift ratio of �1.47%, which is
accompanied by diagonal crack formation in the joint. Further,
the specimen exhibited global strength degradation at the drift
ratio of 2.2% due to joint shear failure. The maximum load
carried by the specimen during positive and negative cycles
are 39 kN and 85 kN respectively. This non-uniform load
carrying capacity is owing to the unequal areas of reinforce-
ment steel at beam top and bottom.

In single haunch upgraded GLD specimen SP1-U1, intro-
duction of haunch below floor beam produces vertical and
horizontal forces at haunch-beam and haunch-column con-
nection. This in turn reduces the beam moment at the joint
which ultimately reduces the joint shear demand. Further-
more, the haunch acts as a partial support, thereby facilitating
the development of beam bottom reinforcement bars and thus
the anchorage failure of the beam bottom bars is prevented at a
drift ratio of +1.47% in the case of upgraded GLD specimen SP1-
U1. This could also be witnessed from load–displacement
curve where sudden load drop is not observed unlike in the
control GLD specimen SP1. Further in the negative cycle, due to
the reduction of shear demand on the joint there is
improvement in the load carrying capacity of SP1-U1 specimen
compared to that of control GLD specimen SP1. The maximum
load carried by upgraded specimen SP1-U1 during positive and
negative displacement cycles are 69 kN and 110 kN respec-
tively. The load begins to drop in the positive cycle after the
drift ratio of 2.2%. The yielding of beam reinforcement was
observed during both positive and negative displacement
cycles in the upgraded GLD specimen SP1-U1. During negative
cycle, beyond the drift ratio of �2.2%; the global strength
degradation begins due to the joint shear failure. Even though,
the joint shear failure could not be avoided in the negative
cycles, the brittle anchorage failure of beam bottom reinforce-
ment could be prevented and the damage is partially
redirected towards the beam in the positive cycles. As the
specimen carried more load than that of the control GLD
specimen SP1 during the negative cycle, it may be concluded
that joint shear damage is delayed in SP1-U1 when compared



Fig. 7 – Load–displacement hysteresis curves of control and upgraded GLD specimens.
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to SP1. Thus, the single haunch upgradation scheme with the
yielding haunch in compression would be the better candidate
for the structures that are susceptible to moderate seismic risk.

In straight bar, upgraded GLD specimen SP1-U2, the
presence of straight bar introduces moment opposite to that
of beam moment and thereby reducing the joint shear demand
to some extent but less effective than the single haunch
upgraded specimen SP1-U1. Moreover, addition of straight bar
parallel to the beam reinforcement provides an alternate
means to take tensile force at beam bottom and prevents the
anchorage failure of beam bottom reinforcement bars. At drift
ratio of +1.47%, anchorage failure of beam bottom bars is not
observed during the positive cycle. The specimen exhibited
uniform strength degradation during the positive cycle after
the drift ratio of +2.2%. During the negative cycles, the GLD
specimen upgraded specimen with straight bar (SP1-U2)
exhibited the behaviour similar to that of the SP1-U1. The
specimen carried slightly higher load in negative cycle
compared to the control GLD specimen (SP1) and exhibited
joint shear failure in the subsequent drift increments. The
maximum load carried by the specimen SP1-U2 during the
positive and negative displacement cycles is found to be 68 kN
and 92 kN respectively. Thus, in SP1-U2, the most brittle
anchorage failure of the beam bottom bars is avoided and the
upgraded specimen exhibited much better hysteretic perfor-
mance when compared to SP1 in terms of load carrying
capacity and delaying the joint shear damage to some extent
but not as effective as SP1-U1.
The upgradation of GLD specimen using simple angle is
carried out with the view of preventing the beam anchorage
failure. Even though, it is well known that both mechanisms,
viz., horizontal and vertical mechanisms of beam moment
reduction at joint are absent in simple angle scheme, it is tried
as it would prevent opening of the joint and the anchorage
failure of beam bottom reinforcement. The introduction of
simple angle improves the load carrying capacity slightly
during the positive cycle, whereas during the negative cycle
there is a slight reduction in load carrying capacity compared
to that of SP1. The anchorage failure of beam bottom
reinforcement is delayed and occurred at the drift ratio of
2.2% instead of drift ratio of 1.47% (as noticed in control GLD
specimen SP1). The maximum load carried by SP1-U3 during
the positive and negative cycles are found to be 51 kN and
82 kN respectively. The behaviour of SP1-U3 is similar to that of
the control GLD specimen (SP1), except that there is improve-
ment in the load carrying capacity during the positive cycle
and anchorage failure of beam bottom bars is delayed due to
simple angle upgradation. It is very clear that strengthening of
GLD specimen using simple angle at the beam bottom did not
exhibit the desired performance level as it could not provide an
alternate force path to the system for redirecting the damage
towards the beam. However, the performance of SP1-U3 is also
better than that of SP1.

The load displacement envelopes obtained for all the four
specimens are shown in Fig. 8. From the load displacement
envelopes, it could be observed that the upgraded GLD



Fig. 8 – Load–displacement envelopes of control and
upgraded GLD specimens.

Fig. 9 – Cumulative energy dissipation of control and
upgraded GLD specimens.
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specimens SP1-U1 and SP1-U2 showed similar behaviour
during the positive cycles. The maximum load carried by
the upgraded GLD specimens SP1-U1, SP1-U2 and SP1-U3
during positive cycles are 77%, 74%, 30%, respectively higher
than the maximum load carried by control GLD specimen SP1.
A tremendous improvement in the load carrying capacity
observed during the positive cycle of loading in SP1-U1 and
SP1-U2 is due to the prevention of anchorage failure of beam
bottom reinforcement bars. The maximum load carried during
negative cycles of upgraded specimens SP1-U1 and SP1-U2 are
28% and 7% higher than that of control GLD specimen SP1
whereas maximum load carried by upgraded GLD specimen
SP1-U3 is 4% lower than that of SP1. The improvement in load
carrying capacity by upgraded GLD specimens SP1-U1 and SP1-
U2 is owing to the reduction of joint shear demand. From the
load envelope, it is found that the specimen SP1-U2 showed
uniformly degrading behaviour when compared to that of SP1-
U1. The specimen SP1-U1 carried higher load when compared
to SP1-U2 during both positive and negative cycles. Specimen
SP1-U3 had load–displacement envelope similar to that of the
control GLD specimen SP1 but proved that even the simple
angle strengthening at beam bottom could able to delay the
anchorage failure of beam bottom reinforcement bars and
could be able to carry 30% more load compared to that of
control GLD specimen SP1 during the positive cycles.

The upgradation schemes SP1-U1 and SP1-U2 showed
promising hysteretic behaviour with the improved load
carrying capacity in both positive and negative cycles. Further,
both upgraded specimens sustained larger deformation and
exhibited better hysteretic behaviour when compared to the
control GLD specimen (SP1). Particularly, the single haunch
upgraded GLD specimen SP1-U1 showed a far better perfor-
mance by preventing anchorage failure, delaying joint failure
and succeeding in partially redirecting the damage to the
beam. Furthermore, the straight bar upgraded GLD specimen
SP1-U2 avoided the brittle anchorage failure of the beam
bottom reinforcement bars and exhibited uniformly degrading
hysteretic performance. Even though simple angle upgrada-
tion scheme is simple and straightforward to implement, it is
not sufficient to prevent anchorage failure of beam bottom
bars, but succeeded in shifting the anchorage failure to higher
drift ratio (From 1.4% in SP1 to 2.2% in SP1-U3). Under moderate
earthquake, higher strength of structure is required, so that
the structure could resist seismic forces with little repairable
damage or without any damage. Hence, under those scenarios
upgradation schemes SP1-U1 and SP1-U2 are suitable candi-
dates for seismic upgradation or strengthening of GLD speci-
mens. However, the role of simple angle upgradation cannot
be simply ignored in view of its easiest implementability.

10. Energy dissipation

Energy dissipation is one of the key seismic performance
parameters as the structure has to dissipate the energy
imparted to it during the earthquake. This could be achieved
only if the individual sub-assemblages have capability to
dissipate energy locally and thus leading to improved overall
global behaviour. The cumulative energy dissipated by all the
four specimens are shown in Fig. 9. Till the elastic cycles, i.e. up
to the drift ratio of 0.737%, all the specimens dissipated same
energy. After the drift ratio of 1.47%, the energy dissipated by
SP1-U1 is higher than the energy dissipated by SP1-U2 in all
drift cycles. At drift ratio of 2.94% (i.e. the maximum drift
sustained by control GLD specimen SP1), the cumulative
energy dissipated up to 2.94% drift ratio by the upgraded GLD
specimens SP1-U1, SP1-U2 and SP1-U3 is 58%, 40% and 15%
higher than that of control GLD specimen SP1. The total
cumulative energy dissipated by SP1, SP1-U1, SP1-U2, and SP1-
U3 are found to be 11.65 kNm, 30.63 kNm, 32.96 kNm, 18 kNm
respectively. The total cumulative energy dissipated by SP1-
U1, SP1-U2 and SP1-U3 are 2.62, 2.83 and 1.54 times that of the
cumulative energy dissipated by SP1. A tremendous improve-
ment in the energy dissipation capacity is observed in the case
of upgraded GLD specimens SP1-U1 and SP1-U2. The preven-
tion of beam anchorage failure of beam bottom bars improved
the energy dissipation of the GLD specimens drastically. A
simple shifting of the anchorage failure of the beam bottom
bars from drift ratio of 1.47% to 2.2% in the specimen SP1-U3,
increased the energy dissipation by 54% compared to that of
SP1. Thus, for GLD specimens with straight bar anchorages, the
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avoiding or shifting of the anchorage failure would result in
the tremendous improvement in the energy dissipation,
which is one of the most required aspects for the seismic
resist design of the structures. This clearly demonstrates the
efficacy of the seismic upgradation strategies proposed in the
present study for the GLD structures.

11. Global strength degradation

The strength degradation at first cycle of each drift level with
the drift increment is plotted in Fig. 10. For specimen SP1, the
strength degradation begins at the drift ratio of +0.735% and
�1.47% in the positive and negative cycles respectively. For
upgraded GLD specimens SP1-U2 and SP1-U3, the strength
degradation begins at the drift ratio of 1.47% in both positive
and negative cycles. Even though for specimen SP1-U2, the
strength degradation begins at the drift ratio of 1.47%,
the degradation at the drift ratio of 2.2% is small and found
to be 3% and 0.25% in the positive and negative drift cycles
respectively. The specimen SP1-U1 showed superior perfor-
mance among all the four specimens. The strength degrada-
tion in SP1-U1 occurred at the drift ratio of 2.2% in both positive
and negative drift cycles. During negative cycle, at drift ratio of
�2.94%, the strength degradation of the SP1, SP1-U1, SP1-U2
and SP1-U3 is found to be 16%, 30%, 23%, 13% respectively
though the strength degradation percentages are higher in the
case of upgraded specimen (SP1-U1 and SP1-U2) the loads
carried by the specimens are almost equal (i.e. load dropped
from the maximum load of 85 kN to 71 kN, from 109 to 76 kN
and from 92 kN to 70KN in SP1, SP1-U1 and SP1-U2 respective-
ly). This is due to the partial reduction of joint demand and the
load drop from the improved load carrying capacity to the
capacity corresponding to degraded joint strength in the case
of upgraded GLD specimens. At drift ratio of +2.94%, the
strength degradation of the SP1, SP1-U1, SP1-U2 and SP1-U3 is
found to be 46%, 17%, 19%, 69%, respectively. The upgraded
specimen SP1-U3 performed similar to that of the control GLD
specimen with reference to strength degradation. The
upgraded GLD specimens SP1-U1 and SP1-U2 exhibited super-
ior performance in the positive cycle when compared to
control GLD specimen SP1.
Fig. 10 – Global strength degradation of control and
upgraded GLD specimens.
12. Conclusions

The upgradation of typical GLD exterior beam-column sub-
assemblage is carried out using three different novel schemes,
namely (i) single haunch upgradation scheme, (ii) straight bar
upgradation scheme and (iii) simple angle upgradation
scheme. The efficacy of the upgradation schemes is evaluated
by conducting reverse cyclic load tests on control and three
upgraded GLD exterior beam-column sub-assemblages. The
single haunch upgraded GLD specimen SP1-U1 and straight
bar upgraded specimen SP1-U2 showed superior hysteretic
behaviour with the improved load carrying capacity in both
positive and negative cycles compared to that of control GLD
specimen SP1. Further, both these upgraded specimens could
sustain larger drift ratios and exhibited better hysteretic
behaviour when compared to the control GLD specimen. The
upgraded GLD specimen SP1-U1 showed far superior perfor-
mance by preventing anchorage failure, delaying joint failure
and succeeding in partially redirecting the damage to the
beam. The upgraded GLD specimen SP1-U2 avoided the brittle
anchorage failure of the beam bottom reinforcement and
exhibited the uniformly degrading hysteretic performance.
This also demonstrated its fulfilment of the intended purpose
of enhanced seismic performance of GLD beam-column sub-
assemblages, particularly during positive drift cycles. The
simple angle upgraded GLD specimen SP1-U3 could be able to
shift the anchorage failure of the beam bottom bars from drift
ratio of 1.47% (as noticed in the case of control GLD specimen
SP1) to 2.2% even though improvement in load carrying
capacity in the positive cycles is less when compared to the
other two upgradation specimens (SP1-U1 and SP1-U2).
However, the load carried by SP1-U3 in the positive cycles is
30% higher than that of control GLD specimen SP1. A
tremendous improvement in the energy dissipation capacity
is observed in the case of all the three upgraded specimens
compared to control GLD specimen. The cumulative energy
dissipated by SP1-U1, SP1-U2 and SP1-U3 are 2.62, 2.83 and 1.54
times the energy dissipated by SP1. Thus, this study provided
clear insight into the development of easily implementable
seismic strengthening/upgradation strategies for the existing
GLD buildings with poor anchorage details. Also, this study
demonstrated the efficacy of novel seismic upgradation
strategies proposed for GLD structures.
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