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Abstract: The effectiveness of hybrid fibre-reinforced polymer (FRP) strengthening is evaluated
for rapid repair of the pre-damaged plain concrete (PC) and reinforced concrete (RC) columns.
The objective of this study is to understand the efficiency of hybrid technique for completely
restoring the initial stiffness, load carrying capacity and ductility of pre-damaged columns under
cyclic compression loads. Two series of PC and RC square columns were cast. The columns were
pre-damaged by loading up to 80% of peak load capacity for three cycles under pure compression.
After cyclic damage, the columns were strengthened with two techniques, namely (a) near-surface
mounted (NSM) carbon FRP (CFRP) laminates and (b) hybrid FRP technique, which uses a combination
of NSM and externally bonded (EB) CFRP fabric. Analytical modelling was carried out for predicting
the behaviour of columns with initial cyclic pre-damage. Additionally, a phased three-dimensional
nonlinear finite element (FE) analysis was performed to validate the behaviour of pre-damaged
columns with different strengthening techniques. Test results show that cyclic pre-loading and
resulting damage causes a reduction in axial stiffness of all damaged specimens. Hybrid strengthening
completely restored the stiffness and strength under compression. Prediction of analytical and FE
analysis correlated well with the tests.

Keywords: pre-damaged column; near-surface mounting; FRP strengthening; hybrid technique

1. Introduction

A vast number of the existing buildings in the earthquake-prone areas across the globe are in
urgent need of repair and retrofitting. Additionally, the repair and retrofit interventions after the
occurrence of seismic events are of vital importance to return to normalcy. Moreover, it is worth
mentioning that most of the existing structures in earthquake prone-areas do not meet the revised code
recommendations and hence requires strengthening. Typical strengthening practices followed includes
steel jacketing and concrete enlargement, which possess several disadvantages due to an increase
in dead weight, high labour costs, need for specialised equipment and increased downtime while
strengthening. The utilisation of fibre-reinforced polymer (FRP) materials has become increasingly
feasible strengthening alternative due to their fast installation and superior mechanical properties.

Building columns are predominantly subjected to axial compression loading and the proposed
repair/strengthening technique must be highly effective in improving the overall behaviour of columns.
Externally bonded (EB) strengthening is highly efficient in improving the strength and ductility of
columns under axial compression [1–3]. However, the confinement effect reduces with increase in
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aspect ratio for non-circular specimens (cross-section changes from circular to rectangular) [4–6].
The effect of confinement reduces for a high strength concrete column due to reduced lateral dilation
when compared to normal strength concrete columns. Moreover, the external confinement provides no
strength improvement for columns subjected to a combination of compression and bending loads [7,8].
Moreover, increasing the number of plies of FRP is also found to have no significant effect on strength
improvement [3]. All these factors necessitate the use of an alternate strengthening solution that is
efficient under all combinations of compression and bending.

In the past, only very few studies have shown the effect of pre-damage on the performance of
reinforced concrete (RC) members under predominant compression dominant loads. Ghernouti et al. [9]
studied the behaviour of RC columns that were initially damaged with significant cracking. The columns
were repaired using concrete enlargement and EB CFRP confinement. The columns strengthened using
CFRP confinement had large stress concentration at the corners and failed by local debonding. Al-Nirmy
and Ghanem [10] researched the behaviour of pre-damaged RC columns due to high temperatures and
shown that the damaged columns when retrofitted using CFRP were able to increase the axial load
but with the reduced ductility. Fukuyama et al. [11] investigated the behaviour of RC columns under
cyclic shear loading and concluded that CFRP strengthening was able to improve the performance
of the damaged column than the control specimens. Li et al. [12] researched the behaviour of fast
curing resins for FRP retrofitting the behaviour of damaged RC members. They observed more or less
similar performance improvement for different resins. Ferroto et al. [13,14] investigated the behaviour of
circular plain concrete columns with different levels of pre-damage (40% to 90% of peak strength) under
axial compression. They concluded that columns with initial damage when further strengthened using
EB confinement had a similar peak strength compared to the undamaged EB strengthened columns.
However, the initial stiffness and ductility of the member are compromised.

2. Research Motivation

Although numerous studies in the past have focused on the strengthening of the RC (or plain concrete)
members through FRP materials; only a handful of research work has focused on the strengthening of
pre-damaged columns under axial compression [11–14]. Moreover, FRP strengthening and rehabilitation
of concrete members with non-circular sections is still a challenging issue for researchers because of the
reduced efficiency of confinement (EB) through FRP wrapping [15–17]. Additionally, EB strengthening
alone cannot improve the performance of columns under flexure-dominated loading [4–6]. This work
investigates the behaviour of hybrid strengthening using a combination of NSM CFRP strips confined by
carbon FRP fabrics for improving the performance of pre-damaged columns under compression. Both
plain concrete and RC columns were pre-damaged and retrofitted with only NSM technique and hybrid
strengthening to understand their efficacy in the performance improvement. It is worth mentioning that
no previous studies have been carried out in understanding the behaviour of pre-damaged columns
strengthened using a hybrid combination of NSM and EB under axial loads and is the focus of the
current study.

3. Experimental Program

In total, 12 square short columns of cross-sectional dimension 230 mm were cast in which
six specimens were plain concrete columns, and the rest of them were reinforced with standard internal
steel rebars. The length of the specimen was limited to 450 mm due to constraints in test equipment.
Eight bars of 12 mm diameter (As = 904 mm2) and 10 mm diameter bars at a spacing of 100 mm
were used as longitudinal and tie reinforcements, respectively. The specimen details are illustrated in
Figure 1, and the test matrix with the corresponding strengthening schemes are provided in Table 1.
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Figure 1. Sectional details of RC column elements. 

Table 1. Test matrix and strengthening schemes for the proposed work. 
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kg/m3 and admixture = 3.6 kg/m3. The average cube compressive strength of concrete was found to 
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Table 1. Test matrix and strengthening schemes for the proposed work.

Type of
Specimen

Series
Name

Specimen
Details (mm)

No of
Specimens Rebar Details Strengthening Details

b d Main Tie

Plain
Concrete
Columns

C-PC

230 230

1 Control specimen with
no Pre-damage

P-PC 1 Pre-damaged and no
strengthening

P-NSM 2 Pre-damaged and
strengthened with NSM

P-HYB 2
Pre-damaged and
strengthened by a
hybrid technique

Reinforced
Concrete
Columns

C-RC

230 230

1

8 # 12 mm dia.
10 mm dia. @

100 mm c/c

Control specimen with
no Pre-damage

R-RC 1 Pre-damaged and no
strengthening

R-NSM 2 Pre-damaged and
strengthened with NSM

R-HYB 2
Pre-damaged and
strengthened by a
hybrid technique

Note: PC—Plain concrete column; RC – Reinforced concrete column; NSM—Near surface mounted; HYB—Hybrid combination
of NSM CFRP laminates and externally bonded CFRP fabric.

3.1. Material Properties

3.1.1. Concrete

The concrete mix design was carried out as per IS10262 -2009 [18] to have a target mean cubic
compressive strength of 48 MPa (M40) after 28 days of water curing. The mix proportions arrived
for this study are: cement = 360 kg/m3; river sand = 752 kg/m3; gravel (blended) = 1196 kg/m3;
water = 144 kg/m3 and admixture = 3.6 kg/m3. The average cube compressive strength of concrete
was found to be 55 MPa after 28 days of curing.
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3.1.2. Steel and FRP Composites

Steel rebars of Fe500 grade were used as both longitudinal and transverse reinforcements. Coupon
specimens of steel are prepared and tested under uniaxial tension. The yield strength, ultimate strength
and strain were found to be 512 MPa, 620 MPa and 7.8%, respectively. For NSM strengthening,
pre-cured CFRP strips of 50 mm × 1.4 mm was availed from the supplier. Three FRP strips of
dimensions 12.5 × 1.4 mm were bonded together as a single strip to increase the thickness to 4.2 mm.
The surface of the laminates was bonded with the help of two-component epoxy of resin and hardener.
For external confinement, unidirectional CFRP fabric was used in this study. Coupon samples were
prepared [19,20] to determine the tensile and compressive properties of the specimen. The test results
obtained from the material characterization are reported in Table 2. The details of the test setup for
CFRP laminate in tension and compression can be found in other paper of authors [21,22].

Table 2. Material characteristics of FRP laminates.

Material Coupon Size Tensile Strength
(MPa)

Rupture Strain
(%)

Elastic Modulus
(GPa)

Hand layup CFRP 15 × 1.5 1300 1.15 113
Pultruded CFRP

Laminates 12.5 × 1.4 2300 1.40 165

3.2. Test Setup and Instrumentation Details

The test setup of columns under axial compression is shown in Figure 2. The column elements
were tested in a compression testing machine of 5000 kN capacity in a displacement controlled mode.
The rate of loading was 0.5 mm/min. Capping with the high strength non-shrink grout was provided
at the top and bottom surface of the specimens to ensure uniform load distribution and to avoid stress
concentrations. The surface undulations in the specimens were removed by loading and unloading
the specimens, up to 10% of its expected peak load capacity. The specimens were loaded through
displacement control with the help of two Linear Variable Differential Transducers (LVDTs) of 10 mm
stroke length. In addition to that, a 50 mm LVDT is added to control the loading protocol when
the overall displacement of the specimen exceeded 10 mm. The surface of the column was attached
with four LVDT’s of 20 mm stroke and 180 mm gauge length to measure the surface strains and
displacements, as shown in Figure 2. Data Acquisition System (DAQ) was used to acquire the test data
from LVDT’s and strain gauges. The data of the test specimens were collected at a sampling frequency
of 5 Hz.

3.3. Pre-Damaging of Columns

Very few investigations have emphasised to understand the behaviour of pre-damaged concrete
members under axial loads [23–26]. In this study, the columns were loaded initially under load control
mode up to 80% of the expected peak load for three cycles, which corresponds to a strain close to
the peak compressive strain of concrete (εc = 0.002). The rate of loading was kept as 5.2 kN/sec.
This type of loading mechanism was chosen so that the stable micro-cracks and bond cracks develop
in the concrete column elements with/without longitudinal reinforcement yielding (RC columns).
One control specimen of plain and reinforced concrete type was tested until final failure to understand
its capacity and failure mechanism. The behaviour of plain and reinforced concrete columns under
three cycles of 80% loading are illustrated in Figure 3. The plain concrete columns were loaded until
1600 kN for three cycles whereas the reinforced concrete columns were loaded until 1800 kN. The first
cycle of loading represents a stable behaviour. In the subsequent cycles of loading, a reduction in
the slope of the specimen indicating degradation in the stiffness. There was a reduction in the initial
stiffness of the specimen when compared to the control specimen (C-PC). The columns developed
some stable micro-cracks in the specimen. However, there were no major visible cracks found in both
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the plain and reinforced concrete column elements during cyclic loading. After that, the specimens
were strengthened using the near-surface mounting (NSM) technique and hybrid FRP technique.
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Figure 2. Test setup and surface strain measurement for RC columns under axial loading.
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Figure 3. Cyclic pre-damage of plain concrete and reinforced concrete columns.

3.4. Hybrid FRP Strengthening

The column specimens pre-damaged by cyclic compression were strengthened using two different
techniques, namely (a) near-surface mounting strengthening (b) hybrid technique. The concept of
hybrid strengthening is used for pre-damaged concrete columns because only external confinement
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cannot be an ideal solution for (a) columns where combinations of combined compression and bending
are dominant and (b) non-circular columns. The hybrid strengthening of columns was carried out as
per ACI 440.2R [27] provisions. First, the columns are strengthened using the NSM technique followed
by external CFRP confinement. The complete details of performing hybrid strengthening were already
documented elsewhere [4–6,21,22] and are not repeated for brevity. A schematic illustration of a hybrid
FRP technique is shown in Figure 4.
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4. Results and Discussion

Twelve short columns were tested under axial compression out of which six columns were plain
concrete columns and the remaining six were reinforced with conventional longitudinal and transverse
reinforcements. The failure displacement corresponds to the load level in the post-peak regime when
the load drops by 25% (or more) of the peak load. Ductility (µ) is defined as the ratio of displacement
at the ultimate load (∆u) to the displacement at yield load (∆y).

4.1. Plain Concrete Columns

Six pre-damaged plain concrete (PC) columns were tested under axial compression. The experimental
results are summarised in Table 3.

4.1.1. Load—Displacement Behavior

The plain concrete column (C–PC) represents the behaviour of the control column tested without
any pre-damage under axial compression. The specimen had a peak load of 1825 kN corresponding to
a displacement of 0.25 mm. The control plain concrete columns were pre-damaged by subjecting to a
load of 1600 kN for three cycles. After cyclic pre-damage, no significant reduction in strength of the
specimen was observed (Figure 5). However, a good reduction in stiffness and ultimate displacement
was witnessed. From Table 3, it can be witnessed that the plain control column (P-PC) had a 14%
reduction in axial stiffness. The peak load of specimen P-PC was observed as 1724 kN, which is only 6%
lesser when compared to the control specimen (C-PC). The column failed at an ultimate displacement
of 0.38 mm, which is about 55.3% lower than the control PC specimen.
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Table 3. Test results of pre-damaged PC and RC columns under axial compression.

Type of
Specimen

Specimen
ID

Axial
Stiffness
(kN/mm)

Load (kN) Axial Displacement (mm) Average Axial Displ. (mm) Axial
Displ.

Ductility

Improvement Ratio

Peak Average
Peak Peak Failure Peak Failure Axial

Stiffness
Peak
Load

Failure
Displ.

Plain
Concrete
Column

C-PC 8037 1825 1825 0.25 0.59 0.25 0.59
P-PC 6975 1724 1724 0.25 0.38 0.25 0.38 0.86 0.94 0.64

P-NSM 1
7730

1891
1941

0.32 0.91
0.32 0.84 0.96 1.06 1.54P-NSM 2 1991 0.32 0.76

P-HYB 1 12,725 2168
2055

0.34 0.68
0.26 0.59 1.58 1.13 1.00P-HYB 2 1942 0.19 0.49

Reinforced
Concrete
Column

C-RC 8780 2281 2281 0.42 1.50 0.42 1.50 3.66
R-RC 7033 2006 2006 0.38 1.31 0.38 1.31 2.68 0.80 0.88 1.02

R-NSM 1
8918

2271
2261

0.29 1.67
0.31 1.63 3.07 1.02 0.99 1.09R-NSM 2 2251 0.32 1.59

R-HYB 1
9432

2606
2555

0.55 1.32
0.53 1.41 2.82 1.07 1.12 0.94R-HYB 2 2504 0.61 1.49

Note: The improvement ratio in axial stiffness, peak load and failure displacement of repaired columns are calculated corresponding to the control plain concrete (C-PC) and reinforced concrete
(C-RC) columns to understand the effect of pre-damage and efficiency of strengthening schemes.
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NSM strengthening technique improved the behaviour of specimens by providing additional
load resistance. The axial stiffness reduced due to pre-damage was restored only up to 96% by NSM
strengthening of PC columns. However, the peak load was completely restored to 100% (1941 kN)
when compared to the control specimens (C-PC). The column failed at a displacement of 0.84 mm,
which was 42.4% higher when compared to the control PC column. The hybrid FRP strengthened
specimens were able to restore the axial stiffness, peak strength and ultimate displacement when
compared to the control PC columns (C-PC). The columns had an average peak load of 2055 kN.
The column failed at an ultimate displacement of 0.59 mm. Using hybrid FRP technique, the restoration
in strength was found to be maximum, which is about 12.6% higher than the control column. However,
the peak strength was slightly different for both the similar specimens, which can be attributed to
the difference in damage that might have arisen due to pre-damage. However, both the specimens
completely restored the control capacity when compared to the control column (C-PC). The ultimate
displacement was also fully restored with the hybrid FRP technique.

4.1.2. Load—CFRP Strain Behavior

FRP strengthening was able to reduce the overall strain in the specimens when compared to
damaged RC specimens (R-RC). Moreover, the hybrid strengthening was able to provide a simultaneous
contribution in both longitudinal, transverse reinforcements and CFRP due to which the improvement
in overall behaviour was achieved. The transverse strain contribution of CFRP is significant in the case
of hybrid strengthening (Figure 6). The effective confinement of NSM laminates using CFRP fabrics
helped in resisting the applied additional strain and thereby improved the overall behaviour of the
specimen when compared to the only NSM strengthening Scheme.
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4.1.3. Failure Mode of PC Columns

In the case of PC columns, initial cracks occurred due to tensile stresses from the Poisson effect
in the lateral direction. These cracks widened further towards the corners. The failure occurred
due to larger crack width formation and spalling of concrete cover (Figure 7i). The failure of NSM
strengthened pre-damaged columns initiated due to cracking between the FRP laminates. The failure
was sudden due to compression dominant behaviour (Figure 7iii). The column failure of hybrid
pre-damaged specimens initiated due to rupture of FRP followed by propagation of rupture on the
corners of the specimen. The failure occurred due to de-lamination of FRP with the cover concrete
from the core in a sudden brittle manner (Figure 7iv).
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4.2. Reinforced Concrete Columns

4.2.1. Load—Displacement Behavior of RC Columns

The overall behaviour comparison of pre-damaged RC column elements with and without FRP
strengthening is illustrated in Figure 8. The horizontal dotted line in the figure refers to the actual
load capacity of RC column without any damage (C-RC). RC columns which were pre-damaged by
loading up to 1800 kN for three cycles under axial compression are compared with the undamaged
control columns (C-RC). The control columns had an average peak load-carrying capacity of 2281 kN
corresponding to a displacement of 0.42 mm. The pre-damaged RC column had a peak load of 2006 kN
which is 13.6% lesser than the control specimen with the reduced stiffness. The specimen had an
ultimate displacement of 1.31 mm.
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The pre-damaged RC columns, which are strengthened using the NSM technique. completely
restore the initial stiffness, load carrying capacity and axial ductility when compared to the control
un-damaged specimens under pure compression. The average load-carrying capacity of the specimen
was found to be 2261 kN, which shows that the peak strength was fully recovered. The displacement
ductility at failure was found to be 1.63, which was 8.6% higher than the control RC column (C-RC).
The pre-damaged hybrid FRP strengthened RC columns had an average peak load of 2555 kN
corresponding to the displacement of 0.53 mm. The hybrid RC specimen was able to increase the peak
load capacity by 12% and reached the ultimate displacement up to 90% of control reinforced concrete
(C-RC) column without any damage. The confinement pressure supplied by external confinement
helps to close the compression cracks and enhance the confined compression strength of pre-damaged
columns. The confinement of concrete core also helped the NSM laminates in hybrid specimens to
undergo larger strains before failure resulting in the more effective use of the laminates when compared
to only NSM strengthening.
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4.2.2. Load—Strain Behaviour of RC Columns

FRP strengthening was able to reduce the overall strain in the specimens when compared to
damaged RC specimens (R-RC). Moreover, the hybrid strengthening was able to provide a simultaneous
contribution in both longitudinal, transverse reinforcements and CFRP due to which the improvement
in overall behaviour was achieved. The transverse strain contribution of CFRP is significant in the case
of hybrid strengthening (Figure 9). The effective confinement of NSM laminates using CFRP fabrics
helped in resisting the applied additional strain and thereby improved the overall behaviour of the
specimen when compared to the only NSM strengthening Scheme.Fibers 2019, 7, 90 12 of 26 
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Figure 9. Load—strain behaviour of Pre-damaged RC columns.

4.2.3. Failure Mode of Pre-Damaged RC Columns

The failure of un-strengthened RC columns initiated due to yielding of the longitudinal bar
followed by intense cracking throughout the specimen. The ultimate failure of the specimen occurred
due to severe spalling of cover concrete and large crack propagation, as shown in Figure 10. The failure
occurred due to local spalling of concrete cover and widened cracks at the increased load levels.
The failure of NSM strengthened specimens initiated due to cracking between the NSM FRP laminates,
which propagated towards the edges. The failure mode was ductile with a good amount of ductility
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due to hybrid strengthening scheme irrespective of the initial damage condition of the specimen.
The hybrid strengthened specimen had the initiation of failure due to rupture of FRP followed by
rapid progression of damage. The control hybrid strengthened specimens failed due to de-bonding of
FRP from the concrete cover, whereas the pre-damaged hybrid strengthened specimens failed due to
delamination of FRP fabric with the concrete cover. The failure mode was sudden and brittle for the
pre-damaged hybrid strengthened specimens.Fibers 2019, 7, 90 13 of 26 
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5. Analytical Studies for Pre-Damaged Columns

Axial load-displacement behaviour of pre-damaged plain and reinforced concrete columns with
different strengthening techniques are predicted using sectional level analysis. The contribution of
the analytical work from this study includes (i) use of discrete fibre element approach for the analysis
of unconfined (plain, control and NSM) and FRP strengthened columns under axial compression,
(ii) understanding the contribution of NSM and hybrid FRP technique for both plain and reinforced
concrete columns with pre-damage.

5.1. Unconfined Concrete Specimens

The predictions of unconfined specimens (plain, RC and NSM strengthened columns) with initial
pre-damage were obtained using the procedure mentioned below.

(i) The cross-section of the specimen was divided into several layers known as fibres. Fibre discretization
approach helps in the use of an actual parabolic stress-strain model of concrete rather than the use
of idealised rectangular stress block method.

(ii) The nonlinear behaviour of concrete is considered through the Hognestad’s parabolic model [28],
where the concrete cylinder compressive strength was obtained from the material characterization
discussed earlier. In this context, the pre-damaged concrete specimens were assumed to have
a significant reduction in strength and stiffness. Therefore, the original constitutive law was
modified to represent the behaviour of the pre-damaged concrete columns.

(iii) The stress-strain behaviour of the steel was considered linear until yielding. After that, the strain
value increases until the hardening point without an increase in stress (fst). Thus, the increase in
both stress and strain was observed after yielding until it reached its ultimate strength.
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(iv) Stress in FRP (fN) for a given strain was arrived based on their corresponding stress-strain behavior.
(v) The total load resistance of the specimen was calculated as the sum of resistance from concrete,

steel reinforcement and CFRP.
(vi) The axial displacement was computed from the value of initial strain multiplied by the gage

length of LVDTs used in the experiments.

For pre-peak region (0 < εc < 0.002), the stress (fc) can be estimated using the Hognestad’s parabolic
model [28], as given by Equation (1):

fc = fcm′

2
εc

ε′c
−

(
εc

ε′c

)2 (1)

where fcm
′ = compressive strength of pre-damaged concrete considered to be 0.75 times the compressive

strength of actual undamaged concrete under pure compression [29,30].
For the post-peak region, (0.002< εc < 0.0035), stress (fc) can be calculated by Equation (2):

fc = 2 fcm′


εc
ε′c

1 +
(
εc
ε′c

)2

 (2)

The total load resistance of the pre-damaged specimen was calculated using Equation (3):

PT =
∑n

i=1
( fci ∗ yi) +

∑n

i=1
fst,i +

∑n

i=1
fN,i (3)

5.2. FRP Confined Concrete Specimens

Stress-strain models for FRP confined concrete were developed by various researchers [31–33].
In this study, Lam and Teng’s model [31] was used for predicting the confined concrete behaviour.
However, to represent the effect of pre-damage, an improvisation in the existing equation is carried out.
The step-by-step procedure used in the analysis is as mentioned below.

(i) The cross-section was discretised into a large number of fibres, and the initial strain value
was fixed.

(ii) The axial stress in each concrete fibre was calculated using a modified Lam and Teng model, where
fcm
′ correspond to the compressive strength of pre-damaged concrete considered to be 0.75 times

the compressive strength of undamaged concrete. The maximum confined compressive strength
of concrete (fcc

′) can be calculated in terms of maximum confinement pressure (fl), as mentioned
in Equations (4)–(8).

(iii) The contribution of NSM laminates (fN) under compression can be estimated from their respective
stress-strain relationship (fN = Ef x εc).

(iv) The total axial load contribution (PT) can be calculated from the load resistance of the concrete,
steel and FRP laminates using axial force equilibrium condition.

fc =

 Ecεc −
(Ec−E2)

2

4 fcm′
εc

2 0 ≤ εc ≤ εt
′

fcm
′ + E2εc εt

′
≤ εc ≤ εccu

(4)

E2 =
fcc
′
− fcm

′

εccu
(5)

εt
′ =

2 fcm
′

Ec − E2
(6)
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fcc
′ = fcm

′

(
1 +ψ f 3.3ka

fl
fcm′

)
(7)

fl =
2E f nt f ε f e

D
and ε f e = k∈ ∗ ε f u (8)

To estimate the reduction in confinement effect for columns of non-circular section, Lam and
Teng [31] proposed two critical parameters called as the shape factors (ka and kb) for the strength and
strain enhancement calculated using Equation (9). Equation (10) was used to estimate the ratio of
effectively confined area to the total gross area of the FRP confined section:

ka =
Ae

Ac

(
b
h

)2

and kb =
Ae

Ac

(
h
b

)0.5

(9)

Ae

Ac
=

1−
[( b

h )(h−2rc)
2( h

b )(b−2rc)
2]

3Ag
− ρg

1− ρg
(10)

5.3. Comparison of Analytical and Test Results

The analytical predictions are compared with the experimental results and shown in Table 4.
Moreover, the overall behaviour predictions are compared with the tests for both plain and reinforced
concrete columns and shown in the next section. It is clear that the analytical model was able to
closely predict the initial stiffness and peak strength of both the unconfined and confined PC and
RC columns. Additionally, the pre-damage index used for including the effect of initial cyclic loads
effectively captured the overall load-displacement response of PC and RC columns. The existence
of pre-damage results in a significant reduction in the stiffness of the column and a similar response
was predicted by the analytical model. The ratio of confined to the unconfined concrete stress ratio
(f cc′/f cm′) for pre-damaged and hybrid strengthened specimen was found to be 1.09. For this particular
(f cc′/f cm′), the ratio of load carrying capacity for PC (PHYB/PPC) and RC (PHYB/PRC) specimens were
1.25 and 1.23, respectively, which indicates that hybrid strengthening technique is highly effective even
for lesser lateral confinement. From the previous studies, it is well established that the efficiency of
confinement reduces for non-circular sections due to non-uniform stress re-distribution. In addition to
the above non-uniform stress variation, the presence of initial damage can reduce the effectiveness
of strengthening procedure adopted. However, hybrid strengthening technique using NSM and EB
combinations was very effective in improving the overall performance of pre-damaged square columns
of both plain and reinforced concrete type. Comparing the peak strength of both experimental and
analytical results, a close match was witnessed for most of the specimen series with the variation of
less than 10%. Moreover, the peak strength was under-predicted for most of the specimen series when
compared to the tests.

Table 4. Comparison of peak strength from tests with the analytical and FEM.

Specimen
ID

Column
Type

Exp. Peak
Load (kN)

Anal. Peak
Load (kN)

FE Peak
Load (kN) PEXP/PANAL PEXP/PFEM

P-PC
Pre-damaged
PC column

1724 1587 1789 1.08 0.96
P-NSM 1941 1718 1895 1.12 1.02
P-HYB 2055 1989 1938 1.03 1.06

R-RC
Pre-damaged
RC column

2006 2004 2049 1.00 0.98
R-NSM 2261 2168 2168 1.04 1.04
R-HYB 2555 2460 2369 1.03 1.08

Note: EXP—Experimental; ANAL—Analytical; FE—Finite Element Modelling.
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6. Three-Dimensional Finite Element Analysis

A phased three-dimensional (3D) nonlinear finite element study for pre-damaged RC columns with
and without FRP techniques was carried out using a commercial finite element software ABAQUS [34].
The nonlinear behaviour of concrete in both tension and compression were modelled using concrete
damage plasticity (CDP) model [35–37]. The predictions obtained from the FE model are validated
with the experimental results. The details of the FE modelling are discussed in the following sections.

6.1. Material Properties

6.1.1. Concrete

Modelling damage in concrete is anisotropic. The damage in concrete can be attributed due to the
different mechanisms such as micro-cracking, de-cohesion and coalescence. The plasticity behaviour
in concrete was characterised by different parameters such as strain softening, volumetric expansion
and progressive deterioration, which in turn leads to the reduction in stiffness and strength. In the
concrete damage plasticity model, the degradation in stiffness is initially isotropic and defined by the
degradation variables in the compression (dc) and tension zone (dt). The damage factor (d), which
accounts for the reduction in stiffness varies between the value of 0 (no damage) and 1 (completely
damaged). These damage parameters corresponding to the peak stress to quantify the extent of damage
under compression loading. It is worth mentioning that the use of damage variables (dt or dc) with
values more than 0.99 can result in convergence issues. Therefore, the damage parameters used in
tension (dt) and compression (dc) were given less than 0.99, which correspond to the stiffness reduction
of 99%.

Concrete is a non-homogenous material with a high degree of variability. Each loading surface is
characterised with the hardening parameter (ku), which controls the evolution of yield surface and
degradation of stiffness. In the CDP model, plastic flow is governed by a flow potential G(σ) as per
the non-associative flow rule. A modified Hognestad’s equation [28] to represent the stress-strain
behaviour of concrete in compression and linear-exponential model [36] for tension behaviour of
concrete is used.

6.1.2. Steel Reinforcement and CFRP

The stress-strain behaviour of the steel reinforcement was modelled using a tri-linear curve
considering its strain hardening behaviour. The post-yielding behaviour is defined until the rupture
strain of steel. Linear elastic behaviour of FRP strips is provided as input for modelling. In the case of
CFRP fabric, the elastic properties are defined using the lamina. Damage properties of NSM laminates
are defined using the Hashin’s damage criteria [34,35].

6.2. Modelling Procedure and Interface Properties

A dynamic explicit modelling procedure was used, since it is capable of yielding a close convergence
with the actual value. To ensure the stability of static problem analysed in this study, the ratio of kinetic
energy to internal energy obtained was kept less than 0.1. Moreover, the CDP model in ABAQUS
considers the non-linear model, which includes the interpolation part of the displacement field and the
discontinuous displacement field.

Regarding the interface modelling for the surface between the concrete—steel and between
the concrete—NSM reinforcement was modelled as an embedded region, neglecting the effect of
bond-slip [35–37]. The interface between the concrete surface and FRP fabric was modelled as a surface
to surface explicitly where the normal and tangential stiffness properties of epoxy are defined [35].
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6.3. Boundary Conditions and Meshing

The meshing of concrete and FRP shell elements are shown in Figure 11. Mesh converge study
was carried out to determine the optimum mesh size. The mesh size was modified again to have
optimum predictions to ensure the convergence. A mesh of size 25 mm was chosen for all the columns
tested under axial compression. Concrete is modelled using C3D8R element, i.e., a three-dimensional
eight-node element with three translational degrees of freedom at each node. S4R element is used to
model the behaviour of CFRP fabric. T3D2 (Three Dimensional Two Node Truss) element is used to
model the steel reinforcements and CFRP laminates. To simulate the boundary conditions similar to
the experiment, all the base nodes are completely constrained to achieve required numerical stability.
The load is applied on a top of the column using a rigid steel plate. The load is applied in the form
of incremental displacement (strain controlled procedure) similar to the experiments to capture the
complete post-peak behaviour of the column. The displacement limits are provided in a tabular form
with the amplitude varying from 0 and 1 mm, which corresponds to the minimum and maximum
displacement limits.
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6.4. Phased Analysis for Columns with Cyclic Damage

For including the effect of initial cyclic damage in the finite element analysis, staged nonlinear
modelling of columns was carried out. Therefore, the modelling procedure for pre-damaged column
involves two different stages. The results obtained from the first stage acts as the input for the next stage.
In Stage I, compression loads were applied on the columns to induce pre-damage in a load controlled
mode up to 80% of its peak load for three cycles. The initial loading induces several micro-cracks and
stable mortar cracks in the specimen. These cracks are carried forward to the subsequent stages of
analysis using the restart command, i.e., the inputs from the first stage are brought into the next ones.
In Stage II of the FE analysis, the FRP materials were modelled for the specimens and loaded in a
displacement controlled mode till failure. This means the effect of stable cracks developed during the
initial cyclic loading on the strengthening efficacy was taken into consideration by the developed FE
model. To improve the rate of convergence in the post-peak regime, the viscosity parameter in CDP
model is considered as a smaller value of 0.001, which can help the tangent stiffness of the softening
material to become positive for sufficiently smaller time increments.



Fibers 2019, 7, 90 17 of 25

6.5. Comparison of FE and Test Results

The experimental and FE load-displacement behaviour comparison of PC and RC columns with
and without FRP strengthening are shown in Figures 12 and 13, respectively. Table 4 provides the
value of peak strength comparisons for different specimen series with pre-damage. Comparing the
peak loads, the predictions from the FE analyses were within the difference of 10% when compared to
the experiments. The control specimens (PC and RC columns with pre-damage), the FE results were
over-predicting the experiments by a small margin of 5% discrepancy. For all the FRP strengthened
specimens (NSM and Hybrid), the FE results under-predicted the experimental values. Nevertheless,
the overall behaviour in terms of initial stiffness, peak strength and post-peak degradation were better
predicted by the developed phased finite element model.

From the results shown in Figures 12 and 13, it is clear that the developed FE model was able to
predict the overall behaviour of pre-damaged concrete columns in terms of their initial stiffness, peak
strength and failure displacement. The post-peak behaviour obtained from the FE model was slightly
different from the experiments in some of the cases. It was due to the sudden drop in load observed in
the peak due to the crushing of concrete. Nevertheless, the developed FE model captured the overall
trend effectively. The damage mechanism and failure modes were represented in terms of damage
index in compression (Figures 12iv and 13iv). Damage index corresponds to the level of damage in
the member and varies from 0 to 1. The failure modes obtained from FE analyses were similar to the
experiments for all the specimen series.

6.6. Parametric Investigation from Validated FE Model

From the finite element model validated with the tests, a detailed parametric study was performed
to determine the influence of pre-damage levels, and FRP reinforcement ratios in hybrid strengthened
PC and RC columns.

6.6.1. Effect of Pre-Damage Levels in Hybrid FRP Strengthening

The first parametric study was performed to understand different pre-damage levels in hybrid
FRP strengthening. The initial pre-damage levels in both PC and RC columns are varied as 40%, 60%
and 80% of the maximum peak loads. From Figure 14, it is clear that the increase in the damage level
has no significant reduction in the efficiency of hybrid FRP strengthening in terms of their compressive
strength and displacement. However, for the columns with 80% pre-damage (0.8 Po), a significant
reduction in the axial stiffness was observed when compared with the hybrid specimens with low
pre-damage levels (0.4 Po, 0.6 Po). Moreover, the peak strength of hybrid PC and RC columns with 80%
preload was slightly high compared to the low pre-damaged specimens, which show the increase in
contribution from NSM laminates and confinement with the higher levels of initial damage.

6.6.2. Effect of FRP Reinforcement Ratios in Hybrid FRP Strengthening

The second parametric study was to investigate the effect of FRP reinforcement ratios in the hybrid
strengthening of PC and RC columns with pre-damage. For a constant FRP confinement ratio of 0.7%,
the NSM laminate ratio was varied from 0.4% to 1.2%. The ratios were selected to provide optimum
strengthening practices considering the levels of additional reinforcements required from external FRP
strengthening. From Figure 15, it is clear that the increase in NSM laminate ratio improved the peak
strength for both PC and RC hybrid columns with 80% pre-damage. However, when the FRP laminate
ratio (ρfl) was increased more than 1.2%, no significant improvement in strength was observed.
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Figure 12. Comparison of pre-damaged PC columns under axial compression.
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Figure 13. Comparison of pre-damaged RC columns under axial compression.
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Figure 14. Effect of pre-damage levels on hybrid FRP strengthening.
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Figure 15. Effect of FRP reinforcement ratios on the hybrid strengthening of pre-damaged columns.
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7. Summary and Conclusions

The pre-damaged columns under cyclic compression were strengthened using a hybrid FRP
composite system and tested to failure. The compression behaviour of the hybrid FRP-retrofitted
pre-damaged columns was investigated in detail. Various factors that influence the effectiveness of
hybrid FRP-retrofitted pre-damaged columns were analysed. Based on the results presented in this
study, the following significant conclusions can be drawn:

1. Both the FRP strengthening schemes (NSM and Hybrid) effectively restored the initial stiffness
and load-carrying capacity of the columns after cyclic compressive damage.

2. NSM strengthening of plain concrete columns increased the overall performance in terms of its
load-carrying capacity and ultimate displacement. Moreover, the failure occurred in a ductile
manner through the propagation of cracks in the concrete between the NSM FRP laminates.

3. In the hybrid FRP strengthening of plain concrete columns, NSM laminates acted effectively
as longitudinal reinforcement. The load contribution of NSM laminates was found to be
significant from the measured load-strain diagram. Moreover, the effectiveness of NSM laminates
significantly increased due to external confinement of CFRP fabric.

4. RC columns strengthened using the NSM strengthening technique fully restored the capacity
lost due to the initial cyclic damage. The increase in strength and ultimate displacement of NSM
strengthened RC column was negligible and 10%, respectively, when compared to the control
column element (C-RC).

5. Hybrid FRP strengthening technique was able to increase the strength up to 12% and ultimate
displacement was restored to 94% of its control capacity when compared to the column without
any initial damage (C-RC).

6. The analytical approach used in this work closely predicted the behaviour of both plain and
reinforced concrete columns strengthened using NSM and hybrid FRP techniques.

7. The results from the staged FE modelling exhibited a good correlation with the test results showing
the reliability of the FE modelling approach to include the effect of pre-damage. The detailed
parametric investigation from this study highlights an important observation, namely that the
different levels of pre-damage have no significant impact on strength improvement due to hybrid
FRP strengthening.
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Abbreviations

The following symbols are used in this paper:

Ac = total area of the concrete section (mm2).
Ae = total area of the effectively confined concrete section (mm2).
Ag = total gross area of the concrete section (mm2).
b = breadth of the member (mm)
d = sectional depth excluding the concrete cover (mm).
d′ = thickness of concrete cover (mm).
di = distance of steel reinforcement with respect to the position (mm).
dN,i = distance of NSM reinforcement with respect to the position (mm).
E2 = slope of linear portion in the stress-strain curve for the concrete confined with FRP (MPa).
Ec = modulus of elasticity of concrete (MPa).
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Ef = modulus of elasticity of FRP in tension (MPa).
εc = compressive strain in the top face of the section.
εc
′ = maximum compressive strain of concrete without confinement.

εcu = failure strain level in concrete without confinement.
εcm = ultimate strain of unconfined concrete with pre-damage.
εccu = failure strain level in concrete with FRP confinement.
εfu = strain in FRP corresponding to rupture.
εfe = effective strain level in FRP reinforcement at failure.
εs,i = strain in the steel at different levels of the section.
εt
′ = transition strain in the stress-strain curve of CFRP confined concrete.

εy = yield strain of steel reinforcement in tension.
fc = average cylinder compressive strength of concrete without confinement (MPa).
fc′ = compressive stress in concrete (MPa).
fcc
′ = compressive strength of FRP confined concrete (MPa).

fcm
′ = modified compressive strength of unconfined concrete with pre-damage (MPa).

fl = maximum confining pressure owing to CFRP fabric (MPa).
fst = overall stress contribution from steel reinforcement (MPa).
fN = overall stress contribution from NSM laminates (MPa).
κε = strain efficiency factor of FRP.
n = number of plies of FRP reinforcement.
PT = total sectional capacity in terms of load (kN).
rc = corner radius of non-circular sections confined using FRP (mm).
ψf = Reduction factor for FRP.
tf = nominal thickness of FRP for one ply (mm).
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