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Abstract

Evidences from previous earthquakes have shown that failure in beam column joints may cause disastrous collapse
of structures, especially for building without seismic provisions. To extend the life span of beam column joints,
strengthening is required and this can be effectively achieved using ferrocement. Ferrocement is a composite
material of weld mesh and woven mesh embedded in mortar with various volume fractions. It is bonded to the beam
column joint for strengthening. In this study, eight full scale reinforced concrete exterior beam column joints, two
control specimen and six speci mens strengthened by the proposed method, were constructed and tested under cyclic
loading. The displacement is increased monotonically using a hydraulic push and pull jack. The hysteretic curves of
the specimen have been plotted. The energy dissipation capacity of retrofitted beam column joints with various
ferrocement configurations has been compared. In addition, comparisons were made between experimental and
analytical results of control specimen and ferrocement retrofitted specimen. The experimental result indicates that
the proposed strengthening method is effective to enhance the ultimate loading capacity, stiffness and energy
dissipation.

Keywords: Beam column joint; Ferrocement; retrofitting; Vola fraction, Energy dissipation, Cyclic loading;
Hysteretic curves.

1. INTRODUCTION

Beam column joints in reinforced concrete framedcitire have been recognized as critical
members transferring forces and bending momentgeaet beams and columns. The change of
moments in beam and columns across the joint regioder horizontal loading, induces high
shear force in the joint as compared with adjaceambers. This also aggravates bonding
conditions for the longitudinal reinforcement ofabes and columns in the joint region.
Therefore, shear failure and bonding deterioratiere traditionally considered as primary
failure modes of beam column joints in moment tegisframed structures. Evidences from
previous earthquakes have shown that failure ifmbealumn joints may cause disastrous
collapse of structures.

2. LITERATURE SURVEY

Although hundreds of thousands of succssful reagdrcement concrete framed structures are
anually constructed worldwide, there are large nemmlof them that deteriorate, or become
unsafe due to changes in loading, changessa or changes in configuration. Occurrence
of natural calamities may also lead to review ofieeering notations that make reworking of
existing structures inevitable. The reworking igiomasly referred to as repair, rehabilitation,
retrofitting and upgradation with distinct meaniatgached to all these terminologies.The RCC
beam column joints may require upgradation due @¢bcent detailing of reinforcing bars,
insufficient column sections or due to increaseatling on the structure. Upgradation of these
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joint however is a challenging task that poses m@ajactical difficulties.A variety of techniques
have been applied to joint with most common onaadoéhe construction of RCC and steel
jackets. Sheela et al [1] suggest that the usewbEement laminates in the joint region is one of
the most effective way of strengthening systemnoscet al [2] suggested that the use of crossed
inclined bars in the joint region is one of the meffective ways to improve the seismic
resistance of exterior reinforced concrete beamnonljoints. Murty et al [3] have tested the
exterior beam column joint subjected to static icyildading by changing the anchorage detailing
of main reinforcement and shear reinforcement. @bthors reported that the practical joint
detailing using hairpin-type reinforcement is a petitive alternative to closed ties in the joint
region. Jing et al [4] conducted experiment on riote joints by changing the beam
reinforcement detailing pattern at the joint cddéagonal steel bars in the form of “obtuse Z”
were installed in two opposite direction of thenjoiThe authors found that the non-conventional
pattern of reinforcement provided was suitable jonts in regions of low to moderate
seismicity. Lakshmi et al [5] have developed anedytmodeling of beam column joint subjected
to cyclic loading by using ANSYS. Survey of exigfinonstructions reveals that upgradation of
structures is necessary due to the structure idemaately designed for the present loading
conditions and the structure is inadequately dedaibr the present loading. This also includes
those structures that are found deficient undeansiei conditions. In this work, an attempt has
been made to improve the confinement of core comaghout congestion of reinforcement in
joints. The performance of exterior joint assembtagetailed for earthquake loads as per IS
13920:1993 [6] and detailed as per current Indiadecof practice for concrete design IS
456:2000 [7] are compared with the retrofitted spens. The experimental results are validated
with the analytical model developed using finiteraeent software package ANSYS.

3. EXPERIMENTAL INVESTIGATION

3.1 Ferrocement

Ferrocement is a composite material consisting ioi Itement mortar matrix uniformly
reinforced with one or more layers of very thin evimesh with or without supporting skeletal
steel. American Concrete Institute Committee 549 dhefined ferrocement in broader sense as a
type of thin wall reinforced concrete commonly doasted of hydraulic cement mortar,
reinforced with closely spaced layers of continuansl relatively small diameter mesh .The
mesh may be metallic or may be made of other deitaiaterials. Ferrocement possesses a
degree of toughness, ductility, durability, strénghnd crack resistance which is considerably
greater than that found in other forms of concoetestruction These properties are achieved in
the structures with a thickness that is generalsIthan 25 mm, a dimension that is nearly
unthinkable in other forms of construction andeaclimprovement over conventional reinforced
concrete .One can certainly call it a high techgglmaterial.

3.2 Experimental study of Ferrocement laminates

Preliminary experimental study was conducted ttertaine the elastic property for volume

fraction of 1.38, 2.76 and 4.04. Ferrocement latas of size 125 x 25 x 500 mm were cast with
volume fraction of 1.38, 2.76 and 4.04. In the pregsnvestigation one layer consisting of weld
mesh and woven mesh having volume fraction of 1p8Bcent were used. The strength
parameters are given in Table 1. The fiber mats$ kefhe mould and were grouted; the cement
sand was mixed in a mortar mixer with super plasgicfor improving workability.  Mixing
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ratio of the cement and sand is given in TableTRe modulus of elasticity for three different

volume fractions is given in Table 3.

Table 1. Weldmesh and woven mesh Performance

Types of mesh| Wire diameter|  Size of mesh Cross sectional | Ultimate tensile
openings area of each wireg strength of
reinforcement
Weldmesh 1.382 mm 20 mm 1.5 mnt 476.86 N/mm
0.798 mm 5mm 0.5 mrh 687.20 N/mm
Woven mesh

Table 2. Typical mortar composition

Sand/ cement

Water/ cement ratio

Superplastiziers/cement

0.66

0.30

0.025

Table 3. Composite properties

Modulus of elasticity
Vil

Modulus of elasticity
Vf 2

Modulus of elasticity
Vi3

0.67 X 16 N/mnt

1.23 X 16 N/mn*t

1.82 X10 N/mnt

3.3 Casting of RC beam column joint

The beam column joint consisted of both column lbedm 230230 mm size. Eight specimens
were cast out of which four are based on non au¢liype A) and remaining four based on

ductile detailing (Type B). In each case one speniwas considered as control specimen. All
the Type A specimens had identical dimensions aedeweinforced such that they would

represent non-ductile detailed exterior joint of Ritame as per IS 456-2000 code

recommendations. Reinforcement consists of foumt? diameter rebars in the column, two 12
mm diameter rebars in each side of the beam anch&tinrups at a spacing of 150 mm in the
column and beam uniformly (Fig. 1). All the TypesBecimens had identical dimensions and
were reinforced such that they would representildudetailed exterior joint of RC frame as per

IS 13920-1993 code recommendations. Reinforcenmdists of four 12 mm diameter rebars in

the column, two 12 mm diameter rebars in each gidee beam and 8 mm stirrups at a spacing
of 100 mm in the column and beam at the non angleczane and 8 mm stirrups at a spacing of
75 mm at the anchorage zone ( Fig. 2 ). A shestdption of the specimens is given in Table
4.
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Table 4. Description of test specimens

Sl. No. Specimen Type of Retrofitting Methodologies
Designation Reinforcement

1 NDA-1 non ductil¢ Control specime

2 DDB-1 ductile Control specime

3 NDA-F1 non ductil¢ Ferrocement laminates, one layer consisting ofl'
mesh and woven mesh, volume fraction, 1.38.

4 NDA-F2 non ductile Ferrocement laminates, two layer consisting ofth
mesh and woven mesh, volume fraction, 2.76.

5 NDA-F3 non ductil¢ Ferrocement laminates, three layer consistinged
mesh and woven mesh, volume fraction, 4.04.

6 DDB-F1 ductile Ferrocement laminates, one layer consisting ofl'
mesh and woven mesh, volume fraction, 1.38.

7 DDB-F2 ductile Ferrocement laminates, two layamsisting of weld
mesh and woven mesh, volume fraction, 2.76.

8 DDB-E3 ductile Ferrocement laminates, three layer consistingeddl
mesh and woven mesh, volume fraction, .04.

3.4 Bonding of Ferrocement Laminates

Ferrocement laminates were used for externallypgthening the RC beam column joint and the
laminate system has been cast in three parts amshoFig.3. After surface preparation, epoxy
bonding systems were adopted to bond the lamiraig$Hond line thickness of 2.0 mm was kept
constant for all the test specimens.

\ " | Part-3 (Similar to Part - 1)

<4

Fig. 3. Ferrocement Wrapping System
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3.5 Testing Arrangement

The schematic view of the test set up is showiguré 4. The joint assemblages were subjected
to axial load and reverse cyclic loading. A 500 kidraulic jack mounted vertically to the
loading frame was used for simulating the axialvigyaload on the column. A constant axial
load of 100 kN, which is about 20 percent of theakbgapacity of the column was applied to the
columns for holding the specimen in position anditoulate column axial load. Two ends of the
column were given an external axial hinge supportaddition to two lateral hinge support
provided at the bottom and top of the column. AeothO0 kN capacity hydraulic push and pull
jack was used to apply reverse cyclic load to thanb portion of the beam column joint The
point of application of the cyclic load was at 5érfrom the free end of the beam. The test was
displacement controlled and the specimen was si¢oj¢o an increasing cyclic displacement up
to the failure. The displacement increment was 5, fimmpush and pull for the test specimen.
The specimens were instrumented with linear vagialifferential transducer having range + 75
mm to measure the displacement at loading point.

o

Jack with Load Cell

Hydraulic Push
and Pull Jack

Specimen —

Al
i ~Testing frame

Fig. 4. Schematic View of Test set up
3.6 Beam Column Joint Control Specimen

Hysteresis behaviour of NDA-1 and DDB-1 specimea sitown in figure 5. For NDA-1, the
maximum load observed is 25 kN in push and 18 kNulhrespectively and the specimen failed
in 30 mm displacement. Based on the hysteresisvimltaenergy dissipation and stiffness
degradation per cycle are worked out. The total Wdative energy dissipation observed is
803.3kN mm (Table 5). The stiffness degraded frotKAN / mm to 0.7 kN / mm. For DDB-1,
the maximum load observed is 28.2 kN in push an@® ZWN in pull respectively and the
specimen failed in 35 mm displacement. The totahwdative energy dissipation observed is
1113.2 kKN mm. The stiffness degraded from 3.4 kiNvi to 0.8 KN / mm. The increase in energy
dissipation for ductile detailed specimen DDB-1 wheompared to non ductile detailed
specimen is 27.8 percent.
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Table 5. Energy dissipation and stiffness at varidisplacements

Displacement Energy dissipated ( KN mm) Stiffness (kN / mm)

mm NDA-1 DDB-1 NDA-1 DDB-1
5 20.6 21.4 2.9 3.4
10 80.4 83.3 2.3 2.3
15 179.9 206.2 1.7 1.8
20 334.1 356.9 1.2 14
25 550.3 582.2 0.9 11
30 803.3 839.3 0.7 0.9
35 - 1113.2 - 0.8

The cumulative energy dissipation and stiffnessN@rA-1 and DDB-1 specimen are given in
figure 6. The increase in energy dissipation oftideialetailed beam is 27.8 percent when
compared with the non ductile detailed beam. Thergn dissipation at first cycle of
displacement for NDA-1 specimen is 20.6 kN mm arigBBl specimen is 21.4 kN mm. The
stiffness at various cycle of loading, it can berséhat the stiffness degrades continuously in all
the cycles. The stiffness at first cycle of displaent for NDA-1 specimen is 2.9 KN / mm and
the DDB-1 specimen is 3.4 kN / mm.
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3.7 Beam Column Joint Specimen Retrofitted with Errocement

Hysteresis behaviour of ferrocement retrofittedcgpen are shown in figure 7. For NDA-F1 the
maximum load observed is 38.0 kN in push and 280rkpull respectively and the specimen
failed in 35 mm displacement.

Load in kN
Load in kN

™ (

,7.",", ’_ e I ——— r , ’)‘/, ¢ — T T T
7 5 10 15 20 25 30 35 -40 -35 -30 -25_-26 //': ® 5 10 15 20 25 30 35 40
Displacement in mm / Displacement in mm

30 -30

40 -40

50 - -50
a) NDA-F1 bPDB-F1
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Fig. 7. Hysteresis behavioliFerrocement retrofitted specimen

Based on the hysteresis behaviour energy dissipatial stiffness degradation per cycle are
evaluated and are given in Tables 6 and 7. Thiati@r of cumulative energy dissipation and
stiffness with displacement is shown in figuresn@ 8. The total cumulative energy dissipation
observed is 1866.1 kN mm. The stiffness degradmd #.1 kN / mm to 0.9 kN / mm. For DDB-
F1, the maximum load observed is 42.9 kN in pusth 25 kN in pull respectively and the
specimen failed in 40 mm displacement.
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Table 6. Energy dissipation at various displacesent

Displacement

mm

Energy dissipated (KN mm)

NDA-1

DDB-1

NDA-F1 | DDB-F1 | NDA-F2 | DDB-F2 | NDA-F3| DDB-F3
5 20.6 21.4 27.1 36.6 32.2 50.5 50.4 54.6
10 80.4 83.3 126.2 167.4 151.7 206.4 200.8 262.3
15 179.9 206.2 294.0 363.7 323.8 453.4 437.2 489.4
20 334.1 356.9 548.1 697.6 551.8 746.1 757.7 817.9
25 550.3 582.2 923.2 1161.2 940.7 1181.4 1173.5 1269
30 803.3 839.3 1407.1 1687.3 1419.2 1710.9 16555 5753
35 - 11132 | 1866.1 2194.5 1972.7 2246.6 2114.5 2289
40 - - - 2769.7 2570.8 2851.3 2607.3 2924,
45 - - - - - 3495.9 3216.4| 3621.2
Table 7. Stiffness at various displacements
Displacement Stiffness (kN / mm)
NDA-1 | DDB-1 | NDA-F1 | DDB-F1 | NDA-F2 | DDB-F2 | NDA-F3 | DDB-F3

mm

5 2.9 34 | 41 4.7 4.8 4.8 4.9 5.0

10 2.3 2.3 3.1 3.4 33 35 3.4 3.6

15 1.7 1.8 23 2.6 2.4 2.6 2.6 2.7

20 1.2 1.4 1.9 2.0 1.9 2.1 2.0 2.1

25 0.7 1.1 15 1.8 1.6 1.7 1.7 1.8

30 0.7 0.9 1.3 1.4 1.4 1.4 1.4 15

35 - 08 |09 1.1 1.1 1.2 1.2 1.2

40 - - - 0.9 1.0 1.0 1.0 1.0

45 - - - - - 0.9 0.8 0.9
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The total cumulative energy dissipation observe2l7i89.7 kN mm. The stiffness degraded from
4.7 KN / mm to 0.9 kN / mm. For NDA-F2, the maximlmad observed is 40.6 kN in push and
24.0 kN in pull respectively and the specimen thila 40 mm displacement. The total
cumulative energy dissipation observed is 2570.87kN. The stiffness degraded from 4.8 kN /
mm to 1.0 kN / mm. For DDB-F2 the maximum load atied is 43.4 kN in push and 26.0 kN in
pull respectively and the specimen failed in 45 displacement. The total cumulative energy
dissipation observed is 3495.9 kN mm. The stiffrdsgraded from 4.8 kN / mm to 0.9 kN /
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mm. For NDA-F3, the maximum load observed is 42 ik push and 24.8 kN in pull
respectively and the specimen failed in 45 mm disginent. The total cumulative energy
dissipation observed is 3216.4 kN mm. The stiffnésgraded from 4.9 kN / mm to 0.8 kN /
mm. For DDB-F3 the maximum load observed is 43.9 ikNpush and 27.0 kN in pull
respectively and the specimen failed in 45 mm disginent. The total cumulative energy
dissipation observed is 3621.2 kN mm. The stiffrdmsgraded from 5.0 kN / mm to 0.9 kN /
mm. The increase in total cumulative energy diggpafor NDA-F1 when compared to NDA-1
is 56.9 percent, NDA-F2 is 68.7 percent and thatN®A-F3 is 75.0 percent. This shows
ferrocement with volume fraction 4.04 performs éetthan ferrocement with other volume
fractions. Further, the percentage increase in toiaulative energy dissipation for ferrocement
retrofitted specimen is more than the percentagee@se of energy dissipation in the case of
ductile detailed specimen DDB-1 compared to nortidudetailed specimen NDA-1.This clearly
indicates that ferrocement retrofitting can be uaeda substitute for ductile detailing if it is
absent in the existing structures. The increas®tal cumulative energy dissipation for DDB-
Flwhen compared to DDB-1 is 59.8 percent, DDB-FB8sl percent and that for DDB-F3 is
69.25 percent. This shows ferrocement with volumaction 4.04 performs better than
ferrocement with other volume fractions. Furth#ére increase in total cumulative energy
dissipation clearly indicates that the ferrocemesttofitting is an effective methodology for
retrofitting of existing ductile detailed structsri the seismic zone is upgraded.

3.8 Crack pattern of control specimen

The crack patterns of all the tested specimentaes in figure 10. All the specimen failed in
the beam portion, yielding of steel has been oleskat the point of failure. Strain gauges are
bonded in the beam portion, but these strain gaaigedeboned at the reach of two cycles and
the allowable deflection.
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c) NDA-F1 d) NDA-F2

e)NDA-F3 f) DDB-F1

g) DDB-F2 h)DDB-F3

Fig. 10. Crack pattern of tested beam column goint
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4 NUMERICAL ANALYSIS (ANSYS)

A full 3D finite element analysis has been carrmd using ANSYS general purpose finite
element software. The analysis presented in thiempassumes that the beam column joint is
subjected to cyclic loading. Further experimengsiutts are presented for beam column joint for
comparison. The concrete has been modeled usirtg ampded solid element (SOLID 65)
specially designed for concrete, capable of hagdilasticity, creep, cracking in tension and
crushing in compression. The characteristics ofatl@pted element being non linear, requires an
iterative solution. In this analysis, the compressstrength of concrete (fck) is taken as 30.30
MPa and tensile strength of concrete (ft) is cozr@d as 3.5 MPa. The elastic modulus (ES) is
25735 MPa. The reinforcing steel has been modedatjua series of two noded link element
(LINK 8). The material properties associated wittk lelements include an initial yield stress
448 MPa. The ferrocement laminates has been modslied) eight noded multi layered sold
element (SOLID 46).The material properties of feenment laminates, are listed in section3.2.
The adhesive layer has been modeled using 3D Eotelements (SOLID 45). The material
property modulus of elasticity is (Es) 1500 MPa.

4.1 Modeling of Beam-Column Joint

The boundary conditions were exactly simulatedrashe test set up shown in figure 11 a.
Horizontal and vertical restraints, representingim connection were applied at the top and
bottom of the column. At the end of beams, onlttigal displacement were provided to simulate
the cyclic load conditions used in the test. A ¢tansaxial load of 100 kN was applied to top end
of the column. The vertical displacement at thenibeand was applied in a slowly increasing
monotonic manner, with results recorded for evenyrb vertical displacement up to failure. The
deflected shape of the model is shown in figuré11

My,

a) ANSYS model b) Deflected shape

Fig. 11 ANSYS model and deflected shape of Bealunen joint
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4.2 Beam Column Joint- Control Specimen

Hysteresis behaviour of NDA-1 specimen obtainech@#ANSYS is shown in figure 12 along
with the one obtained from experiment. The maximaad observed is 24 kN in push and 18.5
kN in pull respectively using ANSYS and 25 kN inshuand 18.5 kN in pull respectively in the
case of experiment and in both cases the speciailea fat 30mm displacement. Based on the
hysteresis behaviour, energy dissipation and ssrdegradation per cycle are evaluated and are
given in Table 8. The variation of cumulative enedissipation and stiffness with displacement
is shown in figure 13. The analytical value of tatamulative energy dissipation is 669.1 kN
mm when compared to the experimental value of 8RR.83nm. The stiffness degraded from 2.8
kN / mm to 0.6 kN / mm in the case of ANSYS andrird.9 kN / mm to 0.7 kN / mm in the case
of experiment. For DDB-1 specimen the maximum loaderved is 27.5 kN in push and 19.5
kN in pull respectively using ANSYS and 28.2 kNpiash and 20.2 kN in pull respectively in the
case of experiment and in both cases the speciaied fit 35mm displacement. The variation of
cumulative energy dissipation and stiffness witspticement for DDB-1 is shown in figure 14.
The analytical value of total cumulative energysghation for DDB-1 is 954.5 KN mm when
compared to the experimental value of 1113.2 kN nirhe stiffness for DDB-1 degraded from
3.4 kN / mm to 0.8 kN / mm in the case of experitraamd analytical value from 3.3 kN / mm to
0.8 kN / mm. This indicates that the analytical debr closely predicts the experimental
behavior.

—— NDA -1 Experiment
________ NDA -1 ANSYS 40 + ——— DDB -1 Experiment
———————— DDB -1 ANSYS 404

30 T T T
-35 -30 -25 -20 -

5 10 15 20 25 30 35

Displacement in mm Displacement in mm

a)NDA-1 bDB-1
Fig.12 Hysteresis behaviour of specimen NDA-1 alBEL (Experiment vs ANSYS)
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Table 8 Energy dissipation at various displacements

Energy dissipated ( kN mm) Stiffness (kN / mm)
Disp'iceme NDA-1 DDB-1 NDA-1 DDB-1
n
mm Experiment ANSYS | Experiment | ANSYS | Experiment | ANSYS | Experiment | ANSY
S
5 20.6 17.3 21.4 18.0 2.9 2.8 3.4 3.8
10 80.4 69.5 83.3 71.8 2.3 2.1 2.3 2.p
15 179.9 163.8 206.2 175.4 1.7 1.6 1.8 17
20 334.1 287.4 356.9 304.2 1.2 1.2 1.4 14
25 550.3 451.9 582.2 489.9 0.9 0.8 1.1 1)1
30 803.3 669.1 839.3 696.4 0.7 0.6 0.9 0J9
35 - - 1113.2 954.4 - - 0.8 0.8
900 - 4
£
Z 00 === NDA-1 Experiment
£ 700 ~#— NDA-1 ANSYS E
80 €
l%a 600 é
= 500 <
z 2
g £
S 300 &
3 L 4
S 200
£
3 100
0 0
0 5 10 15 20 25 30 35

Displacement in mm

Fig. 1&umulative energy dissipation and stiffness vspRisement
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4.3 Beam Column Joint- Ferrocement Retrofitted Sgcimen (Non ductile)

Hysteresis behaviour of NDA-F1 obtained using ANS¥3hown in figure 15 along with the
one obtained from experiment. The maximum load eskis 37.5 kN in push and 23.5 kN in
pull respectively using ANSYS and 38.0 kN in pusid 24.0 kN in pull respectively in the case
of experiment and in both cases the specimen faited5 mm displacement. Based on the
hysteresis behaviour energy dissipation and ssfrdegradation per cycle are evaluated and are
given in Tables 9 and 10. The variation of cumukatenergy dissipation and stiffness with
displacement is shown in figure 16. The analyti@dle of total cumulative energy dissipation is
1514.8 kN mm. The stiffness degraded from 3.7 /kin to 0.9 kN / mm. The experimental
value of total cumulative energy dissipation for AHB1 is 1866.1 kN mm. The stiffness of
NDA-F1 degraded from 4.1 kN / mm to 0.9 kN / mmr RDA-F2 the maximum load observed
is 40.5 kN in push and 23.8 kN in pull respectivebng ANSYS and 40.6 kN in push and 24.0
kN in pull respectively in the case of experimend &n both cases the specimen failed at 40 mm
displacement. The analytical value of total cumuéaenergy dissipation is 1988.2 kN mm. The
stiffness degraded from 4.2 kN / mm to 0.9 kN / niilme experimental value of total cumulative
energy dissipation for NDA-F2 is 2570.8 kN mm. Tst#fness in NDA-F2 degraded from 4.8
kN / mm to 1.0 KN / mm. For NDA-F3 the maximum loaloiserved is 41.0 kN in push and 24.2
kN in pull respectively using ANSYS and 42.6 kNpash and 24.8 kN in pull respectively in the
case of experiment and in both cases the speciailed fat 45 mm displacement. The analytical
value of total cumulative energy dissipation is 280kN mm. The stiffness degraded from 4.3
kKN / mm to 0.8 kN / mm. The experimental value afat cumulative energy dissipation for
NDA-F3 is 3216.4 kN mm. The stiffness in NDA-F3 daded from 4.9 kN / mm to 0.8 kN /
mm.
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Fig. 15. Hysteresis behaviour of specimen NDA-FIANER and NDA-F3
(Experiment vs Analytical)
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Table 9. Energy dissipation at various displacemsent

Energy dissipated ( kN mm)
Displacement
mm NDA-1 NDA- F1 NDA -F2 NDA-F3
Expetrimen ANSYS Expetrimen ANSYS Experiment ANSYS Expttarimen ANSYS
5 20.6 17.3 27.1 19.3 32.2 247 50.4 313
10 80.4 69.5 126.2 90.3 151.7 122.0 200.8 146.6
15 179.9 163.8 | 294.0 209.9 323.8 263.2 437.2 339.0
20 334.1 287.4 | 548.1 411.7 551.8 474.6 757.7 586.6
25 550.3 451.9 | 923.2 705.3 940.7 723.0 1173.5 884.4
30 803.3 669.1 | 1407.1 11215 14191 1121.8 1655.5 1227
35 - - 1866.1 1514.8 1972.6 1520.9 21145 1581
40 - - - - 2570.8 1988.2 2607.3 1996.
45 - - - - - - 3216.4 | 2501.8

Table 10. Stiffness at various displacements

Stiffness ( kN/ mm)
Displacement
mm NDA-1 NDA-F1 NDA- F2 NDA- F3
Experiment ANSYS Experiment ANSYS Experiment ANSYS Experiment ANSSY
5 2.9 2.8 4.1 3.7 4.8 4.2 4.9 4.3
10 2.3 2.1 31 2.8 3.3 3.2 34 3.3
15 1.7 1.6 2.3 2.3 2.4 24 2.6 25
20 1.2 1.2 1.9 1.9 1.9 1.9 2.0 1.9
25 0.9 0.9 15 15 1.6 1.6 1.7 1.6
30 0.7 0.6 13 1.2 14 14 14 15
35 - - 0.9 0.9 11 11 1.2 11
40 - - - - 10 0.9 1.0 0.9
45 - - - - - - 0.8 0.8
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Fig. 16. Cumulative energy dissipation and stiffves displacement

4.4 Beam Column Joint - Ferrocement Retrofitted Spgmen (Ductile)

Hysteresis behaviour of DDB-F1 obtained using ANSY¥ Shown in figure 17 along with one
obtained from experiment. The maximum load obsergetil.2 kN in push and 23 kN in pull
respectively using ANSYS and 42.9 kN in push andk®5Sin pull respectively in the case of
experiment and in both cases the specimen failedOamm displacement. Based on the
hysteresis behaviour energy dissipation and ssfrdegradation per cycle are evaluated and are
given in Tables 11 and 12. The variation of cumuéatnergy dissipation and stiffness with
displacement is shown in figure 18. The analytidle of total cumulative energy dissipation
is 2333.9 kN mm and the stiffness degradation fribdh kN / mm to 0.9 kN / mm. The
experimental value of total cumulative energy g¢liagon for DDB-F1 is 2767.9 kN mm and the
experimental stiffness of DDB-F1 degraded fromIdN7/ mm to 0.9 kN / mm. For DDB-F2, the
maximum load observed is 42.4 kN in push and 28l5nkpull respectively using ANSYS and
43.4 kN in push and 26 kN in pull respectively e ttase of experiment and in both cases the
specimen failed at 45 mm displacement. The amalytvalue of total cumulative energy
dissipation is 2779.5 kN mm and the stiffness deagian from 4.6 kN / mm to 0.8 kN / mm.
The experimental value of total cumulative energgigation DDB-F2 is 3495.9 kN mm. The
experimental stiffness for DDB-F2 degraded from N8/ mm to 0.9 kN / mm. For DDB-F3,
the maximum load observed is 43.2 kN in push ané@ RBl in pull respectively using ANSYS
and 43.9 kN in push and 27 kN in pull respectivielyhe case of experiment and in both cases
the specimen failed at 45 mm displacement. Théyaee value of total cumulative energy
dissipation is 3159.7 kN mm and the stiffness deagian from 4.8 kN / mm to 0.8 kN / mm.
The experimental value of total cumulative energsigation DDB-F3 is 3621.2 kN mm. The
experimental stiffness for DDB-F3 degraded from &N/ mm to 0.9 kN / mm.
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Table 11. Energy dissipation at various displacémen

Energy dissipated (kN mm)
Displace DDB-1 DDB- F1 DDB -F2 DDB -F3
nr:]emnt Experiment | ANSY | Experime ANSYS Experime | ANSYS | Experim | ANS
S nt nt ent YS
5 21.4 18.1 36.6 33.4 50.5 30.9 54.6 38.9
10 83.3 71.8 167.4 145.4 206.4 141.9 262.3 2146
15 206.2 1755 | 363.7 326.0 453.4 305.4 489.4 422|3
20 356.9 3042 | 697.6 574.5 746.1 585.1 817.9 731|5
25 582.2 489.6 | 1161.2 901.7 1181.4 957.6 1269.5 1124.
30 839.3 6965 | 1687.3 1329.3 1710.9 1370.0 17535 1597
35 1113.2 9545 | 21945 1781.2 2246.6 1818.9 2289.6 6.804
40 - - 2769.7 2333.9 2851.3 22945 2924.9 2594.0
45 - - - - 3495.9 2779.5 3621.2 3159(7
Table 12 Stiffness at various displacements
Stiffness (kN/ mm)
Displacement
mm DDB-1 DDB-F1 DDB-F2 DDB-F3
Experimen ANSYS Experiment ANSYS Experiment ANSYS Experim| ANSYS
t ent
5 3.4 3.3 4.7 4.4 4.8 4.6 5.0 4.8
10 2.3 2.2 3.4 3.2 3.5 3.4 3.6 3.6
15 1.8 1.7 2.6 25 2.6 2.6 2.7 2.7
20 1.4 1.4 2.0 1.9 2.1 2.0 2.1 2.0
25 1.1 1.1 1.8 1.6 1.7 1.7 1.8 1.7
30 0.9 0.9 1.4 14 1.4 14 15 14
35 0.8 0.8 11 1.1 1.2 1.2 1.2 1.2
40 - - 0.9 0.9 1.0 0.9 1.0 0.9
45 - - - - 0.9 0.8 0.9 0.8
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Fig. 18. Cumulative energy dissipation and stiffves displacement

5. CONCLUSIONS

Based on the experimental work and the numericallyais, the following conclusions are
drawn:

(i) The composite materials ferrocement can be effilsiersed for seismic retrofitting of
reinforced beam column joint.

(i) The deficiency in cumulative energy dissipationhia case of non ductile reinforced
beam column joint can be made good by ferrocentesigthening.

(i) The increase in cumulative energy dissipati@ving volume fraction of 4.04 is 75.6
percent for non ductile and 69.2 percent for dagginforced concrete beam column
joint strengthened by ferrocement.

(iv)ANSYS modeling closely predicts the experimentdddw@or of beam column joint.

(o2}
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