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Abstract

A poorly detailed reinforced concrete (RC) beam-column joint (BCJ) is highly susceptible to damage under seismic forces due to the generation
of shear stresses. Shear stresses are generated due to the continuous change in the direction of the compression and tension forces acting on the
beam-column joint. As a result, the strength, stiffness and the energy dissipation of the whole structure is affected. It needs to be addressed
beforehand by improving its shear, tensile and energy dissipation capacities so that the damage is minimised. So a structure needs to be strengthened
prior to any major damage. In the present study the seismic performance assessment of a BCJ strengthened by a combination of ultra-high
performance fibre reinforced concrete (UHPFRC) and carbon fibre reinforced polymer (CFRP) has been done analytically in ABAQUS. The
seismic parameters observed are the hysteresis response, strength, stiffness, ductility and energy dissipation of the specimens strengthened both by
UHPFRC and CFRP. From the results it is clear that the combination of the two strengthening schemes is very efficient in increasing the peak load
2.62 times and the ductility by almost 6% of the specimens as compared to the specimens strengthened using only one scheme. Also the energy
dissipation shows an increase of 7.3% in case of using the combination strengthening strategy. The rate of degradation of the strength is also

reduced substantially.
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1. Introduction

A beam column joint is subjected to shear, tension and
compression due to the various loads acting on the structure.
The demand of performance of the beam column joint is
higher in case of seismic loading because when an earthquake
strikes a building can move in any direction and various
stresses are generated due to the push and pull of the bars that
results is fatigue and geometric distortion of the joint. Thus, a
degradation in strength and stiffness is obvious which makes
it the weakest element in the whole structure that could lead to
the collapse of the whole structure and render it unsuitable.
Additionally, the external beam column joint is the more
vulnerable to seismic loading due to the discontinuity of the
geometry and it demands to explore the parameter of bond slip
of reinforcement [1]. Thus, a beam column joint needs
strengthening as it is an economic and immediate remedy
rather than replacement. Strengthening of structure is required
in the present day and age because of the continuously
changing seismic hazard levels, seismic load levels, and
design method and serviceability requirements. Also,
continuous research is required to find the best, economic, and
suitable to any type of condition method of strengthening so
that the basic objective of strengthening that are public safety,

structure survivability, structure functionality, and structure
unaffected are fulfilled.

1.1. Strengthening Techniques

There are various techniques by which
strengthening of the members can be done explored in the
literature. Tsonos A [2] observed that cast in place concrete
jacket is better than shotcrete jacket due to proper
confinement provided to the reinforcement. Shaaban et al [3]
observed that more the number of layers of reinforcement in
ferro-cement, higher is the ductility, strength etc. and also the
orientation angles of the wire mesh in the reinforced concrete
thin walls of ferro-cement effects the results. Grouting of
members for reducing the cracks and voids was done by
injecting the slurry under pressure which resulted in the
reduction of splitting of concrete in the members once the
load is applied [4] [5]. Steel jacketing is done using the
adhesively bonded steel plates and steel strips with the result
depending on the varying strip spacing and thickness of the
bonded plates [6] [7] [8]. The effect of FRPs strengthening on
BCJ shows the effect of orientation, grooving/bonding,
anchoring, embedded nature, thickness and layers among
various other factors on the strength imparted by it in
strengthening the members. Ha G et al [9] strengthened
specimens using CFRP embedded bars with externally
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bonded CFRP sheets due to which flexural cracks are
minimized because of the better confinement. Esmaeeli E et
al [10] [11] observed the difference in parametric results by
applying the CFRP on only two sides of some specimens and
fully confining the specimens on all the sides where the
results indicated that full confinement provides better results.
Mahmoud M et al [12] used CFRP near surface mounted
strips along with sheets to strengthen the specimens.
Orientation of CFRP was the basic criteria largely affecting
the results of strength and ductility. Realfonzo R et al [13]
highlighted the effect of not mechanically anchoring the
CFRP to the specimen which results in quicker delamination
of the sheets. Roy B et al [14] strengthened the specimens by
GFRP to observe an increase in strength, ductility w.r.t.
monolithic control and jointed specimen (construction joint
in column) and it was observed that parameters showed a
greater increase in case of the jointed specimens.
Mostofinejad D et al [15] [16] strengthened the specimens by
CFRP by grooving them at the joint region in X-shape and an
increase in capacity was observed in all of them thus
highlighting the effect of both the bonding technique as well
as the orientation although de-bonding was the basic criteria
of failure but strength obtained was much higher. X-shaped
orientation of the CFRP for strengthening the specimen has
been observed to provide full restraint to the joint from all
sides so that the fiber utilizes the plastic flow of matrix to
transfer the load to the fiber which results in high strength
[17]. Dalalbashi A et al [18], Ronagh H et al [19] compared
the effect of CFRP and GFRP in lateral load carrying capacity
which indicated the improvement in case of using CFRP was
twice as that of GFRP. In recent years the advent of Ultra
High Performance Fibre Reinforced Concrete has greatly
influenced the field of strengthening and retrofitting because
of better properties than other schemes. It is evident from the
literature the various methods and techniques of
strengthening/retrofitting of structure despite having their
various advantages, have their share of disadvantages. Few to
mention are an increase in cross section and weight due to
concrete jacketing which also renders the structure un-
alluring. Steel jacketing is subject to degradation due to
corrosion. Ferro-cement is also subjected to corrosion due to
incomplete cover provided by the mortar. Epoxy injections
perform poorly where moisture is present in environment.
FRPs have a de-bonding problem in shear deficient beam-
column joint as well as anchorage problem. These issues have
led the search for a better advanced material like High
Performing Fibre Reinforced Concrete along with different
cementitious  composites ~ which  addresses  these
disadvantages due to its good properties, better bond
characteristics and higher energy dissipation capacities.
According to literature a concrete with a compressive
strength greater than 100 MPa [20] [21] [22] [23] is accepted
as the Ultra High Performance Fibre Reinforced Concrete
which also has a tensile strength of 7-10 MPa [22] [24] [25]
[26] along with a flexural strength of greater than 30 MPa
[27]. Richard P, Cheyrezy M [28] have reported that the
ductility of UHPFRC is 250 times greater than that of normal
concrete. Voort V [29] observed that the low porosity of Ultra
High Performance Fibre Reinforced Concrete w.r.t. normal
concrete results in increased durability. Study of bond
characteristics of Ultra High Performance Fibre Reinforced
Concrete and Normal Concrete has been done from the results
of slant shear, splitting tensile and direct shear tests which
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highlight the excellent bond properties of UHPFRC with NC.
In all the tests the failure of the weaker concrete occurs rather
than the failure of bond [30] [31] [32]. Use of UHPFRC as a
strengthening material is being widelly employed now either
as a mix used for replacing the normal concrete fully [26] or
partially [23].

1.2. Analytical studies on beam-column joint

Various studies are reported about use of finite
element modelling for studying the behavior of strengthened
beam column joints including prediction of ultimate loads
and cracking patterns. However, the modelling of concrete is
the most challenging task. There are various models which
simulate the behaviour of concrete. Hsu and Hsu Model 1994
is limited to a concrete of strength 62 MPa, Park and Paulay
Model 1975 considers concrete as an elastic—plastic and
strain hardening material. These are all suitable in the
compression zone but for tension zones the models used are
smeared crack model, fictitious crack model, and crack-band
theory [33].

Mosallam A et al [34] numerically investigated the
behaviour of 5 of the 8 experimentally tested interior RC
beam-column joint retrofitted with different types of FRP
composite laminates and hybrid connectors subjected to both
gravity and low-frequency full-cyclic reversal loads except
for one of the control specimen which is subjected to dynamic
impulse loading. The modelling is done in the ABAQUS
software conventionally for all the elements. Control
Specimen (AB-2) and retrofitting with high-strength
carbon/epoxy composite laminates (RS-SC), high-modulus
carbon/epoxy laminates (RS-MC), E-glass/epoxy external
laminates (RS-G) and the light-weight hybrid composite
connector for bond-slip retrofit (RS-SCC). The load
displacement curves for the experimental and numerical
specimens are compared and it is observed that there is a good
agreement between the experimental data and FE model
specifically in the linear range. RS-SCC, RS-SC, RS-G and
RS-M show an increase of 55%, 34.1%, 12.7% and 10.85%
in the peak load over AB-2 respectively. Farzad M. et al.,
2019 [35] analysed the bond behaviour experimentally as
well as numerically between normal concrete as substrate and
UHPC as overlay in both wet and dry conditions of the
substrate to ascertain the load capacities on the basis of slant
shear, direct shear and third point flexural beam test. The
model to be tested is based on two concepts, first is the
conventional tie model where the nodes in the same plane
share displacement and second is the use of an intermediate
layer of concrete of 100um thickness to act as in interface
between the substrate and the overlay. The results indicated
that the model using material contact showed much accurate
results than the model using tie contact by limiting the error
to 18% for the contact layer model as compared to 150% for
the tie model when subjected to shear and tension combined.
However when the tie model is subjected to combined shear
and compression the error is limited to 22%.

The basic problem that is observed in any of the
strengthening/retrofitting  technique is the rate of
deterioration of the materials that are used for the purpose of
providing an enhanced strength, ductility and energy
dissipation. This results in limited use of the capacity of the
materials which then results in economic losses also. In CFRP
the major problem is of de-bonding which can be overcome
by using it alongside UHPFRC in strengthening. It results in
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the UHPFRC taking a major part in the energy dissipation
thus reducing the negative effects of de-bonding on CFRP
and the CFRP in return helps in utilising the maximum
potential of the UHPFRC by providing a much better
confinement at the later stages of loading and deterioration .
So to overcome this particular drawback a combination of
two retrofitting strategies is required that together increase
the performance of the structure strengthened and
complement each other in maintaining the integrity of the
strengthening scheme.

Based on the above drawn conclusions the objective
set for this study is to model, verify, analyse, and observe the
load displacement behaviour, ductility, strength and stiffness
degradation and energy dissipation of the specimens
strengthend by the scheme discussed above.

2. Verification of the modelling process

Firstly, a model has to be developed to validated the
process. This is done using the experimental results from the
literature. For this, a set of 3 specimens are selected from
Khan M. et al., [22] to establish validation of the model. One
was a control specimen (TC) tested at +4.89% drift ratio and
the other two are specimens strengthened by casting
UHPFRC jackets around the control specimen after preparing
the surface using the sandblasting technique for a good
bond.These specimens are then tested at two different drift
ratios — TS1 (£8.67%) and TS2 (£4.89%) so that the
difference in the load carrying capacity, ductility, energy
dissipation can be observed due to the possible detachment of
the UHPFRC and NC at higher damage levels or drift ratios.
The detailing of all the specimens was same so as to get an
absolute idea of the strengthening procedure.

The numerical modelling was carried out using the
ABAQUS FE software to study the behavior of the
strengthened beam column joints under cyclic loading. It
consisted of modelling the geometry of the specimens along
with their materials such as concrete, steel and CFRP, the
loading and constraints, also the contact/interaction between
the materials. The NC, UHPFRC, and steel-plates were
modeled using the 3-D eight-noded brick elements. Whereas,
the reinforcement steel were modeled with two noded 3D
truss elements. In ABAQUS the static general method was
used for simulating the FE models.

Table 1 Experimental Specimens to be verified in ABAQUS
Details

Specimen

TC Control Specimen tested under reverse
cyclic loading up to a drift of + 5%

Strengthened Specimen using the sand
blasting technique to create a good bond
between the NSC and in-situ casted
UHPFRC tested under reverse cyclic
loading up to a drift of + 8.7%

TS1

Strengthened Specimen using the sand
blasting technique to create a good bond
between the NSC and in-situ casted
UHPFRC tested under reverse cyclic
loading up to a drift of + 5%
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Figure 1 Control Specimen TC

2.1. Material Modelling
2.1.1. Concrete Modelling

For modelling concrete, often the plasticity theory is
used. But this theory performs satisfactorily only in the
compression zone. For tension zones, various other models
such as the smeared crack model, fictitious crack model etc.
are utilized. Thus the need to inculcate both the models into a
single model resulted in the development of “Concrete
Damage Plasticity” model which was developed by [36] that
is an adjustment of the Drucker-Prager strength hypothesis
and further elaborated by [33]. In this model, basically two
modes of failure of concrete are considered. First is the
cracking due to tension and second is the crushing due to
compression. Apart from the strength parameters, the
deterioration parameters are also required for a much accurate
behavior. Thus, this model requires the uniaxial stress-strain
values for both under compression as well as tension and the
concrete damage parameters (dc &dt) under compression and
tension using the Birtel and Mark equations [37].

The properties and CDP parameters of concrete used are:

Table 2 Concrete Properties and CDP Parameters

Properties Normal Concrete  UHPFRC
E 25.7 GPa 52.4 GPa
u 0.19 0.2
Average 30 MPa 145 MPa
Compressive Strength

Split 3.1 MPa 8.51 MPa
Tensile Strength

Specific Weight 2300 kg/m? 2300 kg/m?
CDP Parameters

Dilation Angle 35° 40°

e 0.1 0.1
fbo/fcO 1.16 1.16

K .667 667
Viscosity Parameter 0.007985 0.007985
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Figure 2 UHPFRC plates in TS1 and TS2

The properties of steel used are:

Table 3 Steel Properties

Properties Longitudinal Shear
Bars Reinforcement

E 195.1 GPa 195.1 GPa
u 0.3 0.3
Yield Strength 605 MPa 605 MPa
Ultimate Tensile 695 MPa 695 MPa
Strength
Bar Diameter 20 mm 8 mm
Specific Weight 7800 kg/m?® 7800 kg/m?

2.1.2.  Steel Modelling

The reinforcement in the ABAQUS FE software can
be modelled on the basis of two laws. First being the bi-linear
stress strain behavior and second being the multi-linear stress
strain behavior. The multi-linear law is assumed because of
the availability of the sufficient information of the yield and
ultimate stress and strain.

The interaction is set to embedded region for the
concrete and reinforcement to simulate a perfect bond with
no slip as enough development length is available for the
friction in the experimental setup, while a cohesive bond is
defined on the concrete surface for attaching CFRP to the
surface. Further a tie constraint is defined for the interaction
between the rigid loading plate and normal concrete surface.
Tie constraint is also used in TS1 and TS2 strengthened
specimens to simulate a perfect bond between the UHPFRC
and NC as no de-bonding is observed experimentally.

2.2. Loading and Boundary Conditions

The boundary conditions are defined as pinned
supports with a constant axial load of 150 kN on the column
and loading history as defined the same way as in the
experiment at the end of the beam to subject the specimens to
cyclic loads.

The hysteresis responses of all the specimens are
obtained and the results closely match in terms of initial
stiffness, peak load in the positive as well as negative
direction except for the pinching effect which could not be
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Figure 3 Loading History for TC, TS2

observed due to the limitations of the software. The deviation
in the peak load by a factor of 14% - 25 % for TC, TS1 and
TS2 is because of the assumption of the tie constraint which
simulates a perfect bond. Also the peak load is observed at an
earlier displacement. It is due to the higher stiffness of the
structure, simulated due to a high dilation angle in the
ABAQUS software than in an actual specimen. Assumptions
in the material properties due to data insufficiency and the
presence of cracks in the actual specimens leads to this
overestimation [34].

u Loading History (TSI)

Drift Ratio, 1] (%)

0 5 10 15 M B N B
Loading Cycle, N

Time Period ()

Experimental Analytical
Figure 4 Loading History for TS1

2.3. Validation of Experimental and F.E. results

Obtained numerical results are compared to
experimental data reported by [22]. For the specimens the
load displacement hysteresis response experimentally and
numerically is compared as shown in Figures 5, 6, & 7.

W

Load (kM)

H W B 0 BB A
Displacement mm)

Experimental Numerical
Figure 5 Specimen TC

4
Displacement ()
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The increase in the peak load as observed in the TS1 and TS2
specimens with respect to TC specimen is basically due to the
full participation of UHPFRC at earlier drift ratios because of
its good bond characteristics with the Normal Concrete
substrate of TC specimen when it is strengthened with
UHPFRC plates. This behavior is validated from the literature
also [35].

The objective of loading the TS1 specimen up to a
higher drift ratio than TS2 is to basically analyse the
behaviour of the bond between UHPFRC and NC.
Experimentally, it detatches in layers after a drift ratio of
+6%. This results in a reduced load after that drift ratio and
also in increased rate of strength degradation. Numerically,
since it is considered as a perfect bond, the degradation in
stifness is slower. Subsequently the load at ultimate
displacement is higher.

3. Modelling of specimens strengthened using UHPFRC
and CFRP

Based on the validation of the specimens of [22], a
parametric study regarding the specimens strengthened using
both the UHPFRC and CFRP is done to predict the behaviour
of the exterior beam column joint. The material is modelled
the same as in [22] with CFRP properties being taken from
[38] and modelled as below:

3.1. CFRP Modelling

For our strengthening scheme, along with UHPFRC
unidirectional FRP sheets are used to strengthen the R.C
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beam-column joint model further. The fibre behaviour is
linear elastic up to failure with rupture failure. A lamina linear
elastic element is used to model FRP. The mechanical
properties for the combined CFRP sheet and adhesion using
epoxy are evaluated as proposed by Mallick PK [39]. The
parameters required in the ABAQUS for defining the
properties of CFRP are the engineering constants given in
Table 4.

Table 4 CFRP + Epoxy properties

El 106,509 MPa
(Elastic modulus in the longitudinal
direction)
E2 33,970 MPa
(Elastic modulus in the transverse direction)
v 31
(Poisson’s ratio)

Gl1 12400 MPa
(Plane shear modulus)

GI12 12400 MPa
(Plane shear modulus)

GI3 13,065 MPa

(Normal to the plane shear modulus)

The specimens investigated are:

Table 5 Specimen strengthened using UHPFRC and CFRP

Specimen Details

TC-C Control Specimen strengthened with CFRP
tested under reverse cyclic loading up to a drift
of £ 5%

TS1-C Strengthened Specimen using the sand blasting
technique to create a good bond between the
NSC and in-situ casted UHPFRC and CFRP
tested under reverse cyclic loading up to a drift
of £ 8.7%

TS2-C Strengthened Specimen using the sand blasting

technique to create a good bond between the
NSC and in-situ casted UHPFRC and CFRP
tested under reverse cyclic loading up to a drift
of £ 5%

Figure 8 Geometrical Model of TC-C

Figure 9 Geometrical of model of specimens TS1-C and TS2-C
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Figure 10 CFRP around the joint region

The CFRP is defined as a deformable shell in
ABAQUS. The orientation of the CFRP for strengthening the
specimen is chosen so as to provide full restraint to the joint
from all sides so that the fiber utilizes the plastic flow of
matrix to transfer the load to the fiber which results in high
strength [17].

4. Results

4.1. Load Displacement Hysteresis Curves of TC-C, TSI-C,
TS2-C.

All the strengthened specimens are tested under the
cyclic load up to their respective displacements. The control
specimen strengthened with CFRP only (TC-C), shows a
peak load of 70.1 kN at a displacement of about 15 mm in the
positive direction and a peak load of 78.9 kN at a
displacement of about 17 mm in the negative direction. This
when compared with the numerically modelled control
specimen (TC) shows an increase of an average of 25 % in
the peak load capacity.

The second specimen strengthened with both
UHPFRC and CFRP (TS1-C), shows a peak load of 144.73
kN at a displacement of 26 mm in the positive direction and
a peak load of 137 kN at a displacement of 28 mm.
Comparing it to the numerically modelled specimen
strengthened by only UHPFRC (TS1) shows an average
increase of 17 %.

Numerical Load-Displacement Hysteresis Response
Of Specimens Retrofitted with CFRP-2 Layers

Load (KN)

Displacement (mm)

Figure 11 Numerical Hysteresis Response of
TC-C, TS1-C, and TS2-C
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Envelope Curves of Specimens
Retrofitted with CFRP- 2 Layers
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Figure 12 S-Curves of Specimens Strengthened
with CFRP- 2 Layers
The third specimen strengthened with both

UHPFRC and CFRP (TS2-C), shows a peak load of 132.8 kN
at a displacement of 21 mm in the positive direction and a
peak load of 137 kN at a displacement of 20 mm which when
compared to the numerical model of the specimen
strengthened by only UHPFRC (TS2) shows an increase of
14% on average.

4.2. Envelope Curves of TC-C, TSI-C, TS2-C.

It can be clearly seen in Figure 12 that the initial
stiffness of all the specimens modelled in ABAQUS is higher
which results in a higher peak load than what could be
anticipated in the experimental setup. This increase in
strength is due to the absence of micro-cracks present in the
software modelled specimens which otherwise occur in real
situations and the higher dilation angle value of the UHPFRC
material.

Comparing the values of the peak load, the TS1-C
specimen has the highest by an average of4.4% and 60% with
respect to TS2-C and TC-C.

4.3. Ductility of TC-C, TSI-C, TS2-C.

Ductility describes the extent to which a structure
can undergo large deformations without failing. It is used to
designate the amount of large lateral displacements that can
be imposed on the specimens by loading it in a cyclic manner.
The ductility of the specimens numerically tested is
calculated from their respective envelope curves [23].

Pu is the peak load observed in the cycle.

Yield Stress is taken as 0.8xPu and the displacement at this
stress level is taken as the Yield Displacement.

Hence, the calculated values are:

Table 6 Calculation of Ductility

Specimen TC-C 751-C 752-C
Pu (positive) 70 kN 145 kN 133 kN
0.8 Pu 56 kN 116 kN 106 kN
Pu (negative) 80 kN 137 kN 137 kN
0.8 Pu 64 kN 110 kN 110 kN
oyl 12 mm 13 mm 10 mm
oy2 10 mm 15 mm 12 mm
oul 43 mm 50 mm 44 mm
ou2 28 mm 53 mm 44 mm
St Su 3.23 3.68 4
Sy1+ 8yz
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The ductility values clearly indicate the efficiency of
the usage of UHPFRC and CFRP together as a confining
material with an increase of 14% for TS1-C and 23.8% for
TSC-2 over control specimen retrofitted with just CFRP (TC-
C). The values TC-C, TS1-C, and TS2-C when compared to
the ductility values of numerically verified specimens TC,
TS1, and TS2 show an increase of 12.1 %, 1.1 % and 5.2 %
respectively highlighting the effect CFRP has in combination
with UHPFRC.

4.4. Strength and Stiffness Degradation of TC-C, TSI-C, TS2-
C.

As seen in Figure 13 the reduction in strength for all
the specimens is more in the negative displacement which
confirms the weak behavior of concrete in tension. But
comparing TC-C, TS1-C and TS2-C at the same displacement
the reduction in strength is more in the TC-C specimen due
to the absence of UHPFRC which has a much higher tensile
strength when compared with normal concrete and also
provides a much better confining action than CFRP which is
susceptible to de-bonding.

The peak to peak stiffness of control and retrofitted
initially damage specimen tested under quasi-static reverse
cyclic loading is calculated for each drift ratio. The slope of
the line joining the peak point reached on positive and
negative directions in a loading cycle is defined as peak to
peak stiffness. [40].

Strength Degradation vs Displacement

of Strength Degradation (%

Percentage

Displacement (mm)

Figure 13 Degradation of Strength vs Displacement

Stiffness Deterioration vs Displacement

ss KN/mm

Stifne

Displacement (mm)

Figure 14 Reduction in Stiffness vs Displacement
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It can be seen in Figure 14 that there is an abrupt loss
of stiffness in the control specimen strengthened only by
CFRP at a lower displacement level as compared to the
specimens strengthened by both UHPFRC and CFRP. This is
due to the absence of the extra confining action of the
UHPFRC. TS1-C and TS2-C even when subjected to further
displacements, the stiffness remains well above the TC-C due
to the kicking in of the CFRP action to maintain the required
stiffness.

4.5. Energy Dissipation of TC-C, TS1-C, TS2-C.

The energy dissipated by the specimens is calculated
by the area enclosed in the hysteresis loop of a drift ratio. A
loop is said to be closed when a cycle is completed, i.e.,
positive and negative displacement both occurs. This subjects
a point in a joint to both compression and tension in once
complete cycle.

As can be seen in Figure 15 the highest energy is
dissipated by the TS1-C specimen at each drift ratio. The
energy dissipation of the specimen TS2-C is less in the last
few cycles due to it reaching the peak load at an earlier drift
ratio which lead to its early damage.

The TS1-C and TS2-C dissipate a cumulative energy
of 1.55 and 1.22 times higher that of TC-C at the same drift
ratio of +4.89%. This shows the better effect of using
UHPFRC with CFRP.

The energy dissipated by TC-C, TS1-C, and TS2-C
specimens is higher than TC, TS1, and TS2 specimens by
12.9%, 1.4 % and 6.9% respectively at +4.89 % drift ratio
highlighting the use of CFRP alone and in combination with
UHPFRC.

Energy Dissipation vs Drift Ratio

1
1 |
1l

|

|

|
] | I“,

1 2

mTC-C
BTS1-C

T52-C

Energy Dissipation (KN-mm)

3
Drift Ratio (%)

Figure 15 Energy Dissipation per Drift Ratio

Cumulative Energy Dissipation of All Speciemens

Cumulative Dissipated Energy (KN-mm)

1 5
Drift Ratio (%)

Figure 16 Cumulative Energy Dissipation
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Peak Loads in Positive and Negative Directions

: I l I I
) ( ‘ I
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Figure 17 Comparison of Peak Loads Experimentally and Numerically with
and without CFRP
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4.6. Comparison of Peak Loads

For control specimen (TC) and control specimen
strengthened by CFRP (TC-C) tested at same drift ratio of
+4.89% gives an increase in peak load by about 30 % for TC-
C specimen indicating the action of CFRP in strengthening
the joint.

For specimens tested at same drift ratio of +8.69%
and strengthened by both UHPFRC and CFRP an increase in
peak load by about 19 % for TS1-C specimen is observed
which otherwise without CFRP would detach from the
Normal Concrete.

For TS2 and TS2-C specimens tested at
same drift ratio of +4.89% gives an increase in peak load by
about 13% for TS2-C specimen.

Numerically modelled TS1-C and TS2-C specimens
shows an increase of 2.62 times when compared to
numerically modelled TC specimen.

This increase in strength is attributed to the
contribution of CFRP in providing an assistance to the
UHPFRC to take more load without rapid disintegration.

5. Conclusions

1. The numerical model developed for the
experimental program by [22] is validated within
reasonable limits. A deviation of 14-20% is
observed in the value of peak load for all the
modelled specimens namely TC, TS1, and TS2 from
the experimental results because of the assumption
of the tie constraint which simulates a perfect bond
and the absence of micro cracks that aren’t present
in the software modelled specimens.

2. For the UHPFRC and CFRP strengthened
BCJ specimens TC-C, TS1-C and TS2-C the
increase in strength is by a factor of 2.7, 2.1 and 1.3
times than that of TC, TS1 and TS2 (analytical)
respectively.

3. The ductility values clearly indicate the
efficiency of the usage of UHPFRC and CFRP
together as a confining material with an increase of
14% for TS1-C and 23.8% for TSC-2 over control
specimen retrofitted with just CFRP (TC-C).
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Specimens strengthened using the combination of
CFRP and UHPFRC (TC-C, TS1-C, TS2-C) show
an increased ductility of about 6 % than the
specimens strengthened using only one scheme (TC,
TS1, TS2-analytical).

The degradation in the strength at +4.89%
drift ratio was observed to be 30%, 19% and 14%
for specimens TC-C, TS1-C, TS2-C. Moreover for
specimen TS1-C the degradation in stiffness was
observed to be 40% at an ultimate drift ratio of
+8.67%. Thus a combination of UHPFRC and CFRP
drastically reduces the strength degradation.

The initial stiffness of the specimens
retrofitted with CFRP and UHPFRC, TS1-C and
TS2-C is higher than TC-C by 4.0 and 3.4 times
which is partly due to the higher dilation angle of the
UHPFRC and mostly because of combination of
UHPFRC and CFRP.

The TC-C specimen dissipates an energy of
6775 KN-mm which is 13 % more than TC
(analytical) specimen at the ultimate drift ratio of
+4.89%. Specimen TS1-C dissipates an energy
equal to 17240.5 KN-mm at the same drift ratio of
+4.89% which is 1.4% more than TS1 (analytical).
The energy dissipated by specimen TS2-C is of
value of 14973 KN-mm which is 6.9% more than
TS2 (analytical) at its ultimate drift ratio of +4.89%.
This increase in energy dissipation is attributed
mainly to the presence of UHPFRC as a
strengthening material and also the CFRP which
helps in maximizing the potential of UHPFRC by
providing a confining action to the concrete.
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