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Reinforced concrete (RC) columns with various strengthening systems and different conditions were tested to
cyclic lateral and axial loading for the purpose of performance assessment. Tests included confinement strength-
ening with carbon-fibre-reinforced polymer (CFRP) sheets, longitudinal strengthening with CFRP laminates and
confining CFRP jacket, longitudinal strengthening with stainless steel bars and confining CFRP jacket, tested col-
umn until reinforcing steel failure, repair and CFRP confining jacket, and longitudinal strengthening with stain-
less steel bars. The analysis of the tests results as to load–displacement relationship and energy dissipation led
to the conclusion that the use of external longitudinal strengthening with CFRP confinement is effective for per-
formance retrofitting and upgrading, and viable in terms of execution. The load capacity increase due to strength-
ening reached 36–46% with good ductile behaviour. Nonlinear numerical modelling was carried out using two
approaches which represent reasonably well the global performance of the studied columns for the prediction
of the ascending load–displacement relationship and the peak load values in each cycle.
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1. Introduction

Despite important experimental studies carried out in the past [1–7],
which comprise essential data for the definition of predictive models,
the numerical modelling of the nonlinear behaviour of structural ele-
ments remains a challenge. These studies were undertaken mostly to
assess the performance of new RC columns under cyclic loading. Some
include tests carried out on reinforced concrete (RC) columns with
strengthening systems with the purpose of retrofitting or upgrading
these elements in an undamaged state [2–6].

In order to widen the range of options and to understand whether
these are feasible and effective, the present available data needs to be
complemented with new test results as to the behaviour of RC columns
strengthenedwith different combinations of systems andwith different
conditions, new or damaged.

In addition to the analysis of the experimental cyclic performance of
RC columns, the numerical modelling of the behaviour of these
elements is required so that design is fairly accurate in face of the real
response of the columns. For this purpose, various authors have contrib-
uted to the development, assessment and calibration of numerical
modelling approaches which do not seem to constitute yet a thorough
contribution to the particular issue studied here [3,6–10].

This article presents the experimental results of 6 RC columns with
different strengthening systems that include repair with high strength
mortar, longitudinal external strengthening and external confinement
rv, Glasgow, Scotland, UK.
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under combined axial and lateral loads. The purpose is to assess the
cyclic behaviour of these columns and, hence, contribute to the calibra-
tion of nonlinear modelling.

2. Experimental programme

2.1. Test specimens

The purpose of the experimental programme was to study the be-
haviour of rectangular RC columns strengthened with different tech-
niques and materials in order to assess the improvement in their
flexural response to combined lateral and axial loading. The RC columns
were designed according to the Portuguese regulations – REBA 1967
[11] and REBAP 1983 [12] – still in effect in the 1980's, which did not in-
clude specific detailing requirements for seismic actions.

The dimensions and the reinforcement and strengthening detailing
of the specimens are shown in Fig. 1. The summary of the strengthening
systems is presented in Table 1.

In order to have ameasurable reference, specimen P11refwas tested
without strengthening and only to a certain extent beyond yielding (im-
posed displacement of 40mm [2.3% drift ratio] in each direction). Spec-
imen P12conf was confined with 3 layers of unidirectional CFRP sheets
bonded to the concrete surface using the resin that would become the
matrix of the composite.

Specimen P14rm_conf is the result of the strengthening of column
P11ref after having been tested, which included the repair of the deteri-
orated length with an enhanced pre-mixed grout. The repair was car-
ried out by cutting out an opening of approximately 55 mm depth,
reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.istruc.2015.11.004&domain=pdf
http://dx.doi.org/10.1016/j.istruc.2015.11.004
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Fig. 1. Geometry, reinforcement and strengthening detailing of the tested columns: (a) P11ref; (b) P12conf; (c) P14rm_conf; (d) P15ss_conf; (e) P16cfro_conf; and (f) P17ss_rpl.
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with a length of 500 mm from the bottom of the column, followed by
the preparation of the surfaces, the application of the form work and
the pouring of the grout.
Specimen P15ss_conf included two stainless steel longitudinal bars
with 20 × 5 mm2 on each smaller side dimension of the section, an-
chored at the bottom of the column in 10° inclined drilled holes in the



Table 1
Strengthening system for each column.a, b, c

Column Condition before strengthening Strengthening system Axial Load, N (kN) b Nb/NR
c

P11 ref New None 320 0.18
P12 conf New - CFRP confinement: 3 layers 303 0.17
P14 rm_conf Repaired/Strengthened after yielding of

reinforcing steel
- Repair mortar along the length of the plastic hinge
- CFRP confinement: 3 layers

308 0.13

P15 ss_conf New - 2 longitudinal bars on each side anchored in the footing
block and in the top of columns in resin filled holes
- CFRP confinement: 3 layers

305 0.14

P16 cfrp_conf New - 4 longitudinal CFRP laminates on each side anchored in
the footing and in the top of columns in resin filled holes
- CFRP confinement: 3 layers

306 0.13

P17 ss_rpl Repaired/strengthened
- Rupture of reinforcing steel on side Aa

- Yielding of reinforcing steel on side Ba

- Repair mortar in half length of the plastic hinge
- CFRP confinement: 3 layers
- External stainless steel bars with
equivalent strength to reinforcing steel

311 0.14

a side A — compression in push direction; side B — tension in push direction.
b N = axial load kept constant throughout the tests.
c NR = axial strength of each column in kN.
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footing block and at the top of the column in horizontal drilled holes.
The holes were filled with an epoxy based adhesive. The column was
then confined with three layers of CFRP jackets (200 g/m2).

Specimen P16cfrp_conf was the result of a strengthening procedure
similar to the previous column, although in this case the longitudinal
strengtheningwas donewith CFRP laminates. The anchoring of the lam-
inateswas carried outwith epoxy adhesive and in holeswith a 33° incli-
nation from the vertical at the top of the column. The strengthening
included on each smaller side of the column section 2 laminates of
20 × 1.4 mm2 plus 2 laminates of 10 × 1.4 mm2.

Specimen P17ss_rpl is the result of the strengthening of column
P12conf and was tested until the longitudinal internal reinforcement
broke along one of the sides. The deteriorated zone was repaired with
an enhanced pre-mixed grout. The repair was carried out with grout
in approximately 55mmdepth, along a length of 250mm from the bot-
tom of the column. The strengthening system was carried out using a
similar procedure to that used on column P12conf, with 3 layers of bi-
directional CFRP jacket (Figs. 1b and 2b). The strengthening system in-
cluded two stainless steel bars with cross-section 25 × 10 mm2 applied
externally and anchored in drilled holes filledwith a polymeric adhesive
at the footing block andwith8mmthreadedbars crossing 12mmdiam-
eter holes, anchored at their ends with nuts and torque of 25 Nm, pass-
ing through the largest dimension of the column along its length until
the top with 125 mm spacing (Figs. 1f and 2f).

Table 2 presents the mean value results of the tested samples of the
materials use in the specimens.

2.2. Test setup and instrumentation

The test setup is presented in Fig. 3 and consisted of a mechanical
screw actuator of maximum horizontal load of 500 kN and maximum
displacement of ±200 mm and a constant axial load of approximately
320 kN on the column throughout the test. All tests were displace-
ment-controlled by an actuator and a load cell (TCLP TML-20B) with a
capacity of 200 kN to measure the horizontal load. Each columnwas at-
tached to the rigid floor by means of four post-tensioning bars. In all
models the vertical load was kept constant during the test.

In all models the vertical load application system consisted of two
post-tensioning bars fixed at the footing block of the column. The ten-
sioning of both vertical bars through hydraulic cylinders created the de-
sired constant axial load on the column. This axial load remained stable
during the application of the horizontal displacements due to the use of
the hydraulic pumpwhichmaintained the load constant throughout the
entire test. Themeasurement of the vertical loadwas taken by two load
cells with a capacity of 300 kN each.

The definition of the loading protocol was firstly approached based
on the performance of the reference reinforced concrete column,
P11ref. For this specimen the theoretical yield displacement Δywas cal-
culated before the test took place, bymeans of Eq. (1) that is used in the
Plastic Hinge Method [1], where φy is the yield curvature and L is the
length of the column at which the load is applied.

Δy
1
3

φy L2 ð1Þ

The calculationswere done considering the cross section response in
bending with compression with an axial load of 300 kN and a yield
strain εy of the reinforcing steel bars of 0.0023.

The calculated value of the yield curvature φy was of 0.0079 leading
to a yield displacementΔy of 7.7mm. In viewof this, the definition of the
imposed drift for columnP11confwas established in 40mm in both pull
and push directions, so that the plastic branch behaviour of the column
would be clearly installed and identified, as well as its peak load, Pmax.
After testing P11ref the yield displacements were identified as 8.8 mm
in pull direction and 6.1 mm in push direction. The testing protocol for
the remaining specimens included push–pull sets of cycles with a dis-
placement increase of 15 mm until failure, twice the experimental
mean yield displacement. Each displacement level comprised 3 cycles
for each set of cycles.

The instrumentation setup is shown in Fig. 3b. The measurement of
the horizontal displacement at the top of the column was done by a dis-
placement transducer with a stroke of 500 mm and a sensitivity of
10 × 10−6/mm. The horizontal and vertical displacements at the bottom
of each column,which alloweddetermining the rotations,weremeasured
using two sets of transducers: one with common LVDTs (TML CDP100
and CDP50) with strokes of 100 and 50 mm and sensitivities of
100×10−6/mmand200×10−6/mm, respectively; the other set of trans-
ducers was with frames that include two rigid aluminium columns
hinged to aflexible steel beamwith four strain gauges that form aWheat-
stone full bridge, having an amplitude ofmeasurement of±20mmand a
sensitivity of 250 × 10−6/mm. The strain measurement in reinforcing
steel (longitudinal and transverse), CFRP sheets, CFRP laminates and
stainless steel was carried out through strain gauges with 5 mm length.

3. Tests results and discussion

3.1. Lateral load vs displacement — cyclic behaviour

Cyclic tests results in lateral load versus displacement are presented
in Fig. 4 for all columns. The summary of results is expressed in Table 3.
To compare the whole behaviour of the columns, the criteria of failure
included either the break of steel reinforcement, which was observed
in columns P12conf and P14rm_conf, or the decrease of the load, during
the test, below 85% of maximum lateral load Pmax, which was observed
in column P17ss_rpl.
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Fig. 2. Strengthening procedures for columns: (a) P12 conf; (b) P13 conf2; (c) P14 rm_conf; (d) P15ss_conf; (e) P16cfrp_conf; and (f) P17ss_rpl.

Table 2
Test results of the materials, mean values.

Column P11ref P12conf P14rm_conf P16cfrp_conf P15ss_conf P17ss_rpl

Concrete, fc 25.8 MPa 26.5 MPa 30.8 MPa 34.1 MPa 33.5 MPa 32.9 MPa
Longitudinal steel fy = 454 MPa, εu = 10.1%
Transverse steel fy = 580 MPa, εu = 6.0%
CFRP sheets – ECFRP = 269 GPa, εu = 0.97%
CFRP laminates – – ECFRP = 159 GPa εu = 1.03% – –
Stainless steel – – – fy = 565 MPa, εu = 42.9%
Repair mortar, fc – – 59.0 MPa – – 59.0 MPa
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Fig. 3. (a) test setup; and (b) instrumentation.
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Column P11ref presents a small difference between push and pull
for the peak load, which in view of the remaining columns can be attrib-
uted to additional heterogeneities inherent to the specimen itself, other
than the non-centred position of the longitudinal steel bars in the larger
dimension of the column. Other possible reason for this difference was
the cracking in the footing block, parallel to the lower side of the
column, which was formed, before testing, during the pull of the post-
tensioning vertical bars that fixed the whole specimen to the floor.

Fig. 4 shows that column P12conf has significant ductile behaviour
compared with the remaining columns, with a drift ratio at break (ulti-
mate drift ratio) of 7.0%, whereas the latter show a drift ratio of 4.4%.
Moreover, in column P12conf the peak load value Pmax is maintained
throughout the test until failure, while the other strengthened columns
present a strength degradingbehaviour from the instant the peak load is
attained. Nevertheless, the results of column P12conf show a peak load
increase in view of the reference column P11ref of 7%, which is consid-
erably lower than the strength increase obtained in the remaining col-
umns which varies from 20% to 45%.

Even though column P14rm_conf presents a strength degrading be-
haviour, compared with column P12conf the peak load is higher,
reaching an increase of 17%–20% compared with the reference speci-
men. The drift ratio at break reached 6.1%. The enhanced performance
of specimen P14rm_conf can be explained by the presence of a higher
strength compressive material – repair mortar – which may have re-
duced the cross section compressed area and therefore increased the in-
ternal lever arm between the compression and tension forces.

For column P15ss_conf the strengthening resulted in a peak load in-
crease, compared with P11ref, between 35% and 41%, although the
whole load–displacement relationship shows a strength degrading be-
haviour. During the test, column P15ss_conf did not show failure of
any of the strengthening materials or reinforcing steel until a displace-
ment of 45mm – drift ratio of 2.6% –where the rupture of the CFRP con-
finement jacket took place at the base of the column. Until the endof the
test neither the reinforcing steel nor the stainless steel bars reached fail-
ure. The test was stopped when the lateral load showed a value lower
than 85% of the peak load, Pmax.

In column P16cfrp_conf shows a strengthening ratio, considering
the P11ref as reference, between 29% (pull) and 43% (push). The peak
loads in the push and the pull direction were attained for drift ratios
of 2.6% and 1.8% respectively. In the pull direction the rupture of both
pairs of laminates took place in the 7th cycle, while in the push direction
only one pair of laminates reached the rupture and at the 10th cycle.
This explains the differences in both directions, as in the push direction
the drop of loading is gradual from the 10th cycle until the failure crite-
rionwas reached, while in the pull direction the drop of the loadingwas
sudden in the 7th cycle and fromwhich the loading kept itself constant
until failure. In the push direction the load–displacement behaviour
may be described as strength degrading, while in the pull direction,
after the sudden loss of strength the lateral load was nearly constant
from the 7th cycle (1.8% drift ratio) to the 15th cycle (4.4% drift ratio).

The load–displacement relationship of column P17ss_rpl shows also
a strength degrading behaviour. The peak load Pmax, comparedwith the
reference specimenP11ref, attained an increase value of 45% in the push
direction and 20% in the pull direction. In the push direction the
strength degrading behaviour was more evident. The reason for this is
due to the presence of yielded reinforcing steel bars on the tensioned
side of the column subject to push. On the opposite side, in the pull di-
rection, the strength degradation wasmore gradual, where the longitu-
dinal reinforcement bars were already broken.
3.2. Energy dissipation

Alongside the load–displacement analysis, the performance of the
different strengthening systems is also evaluated as regards the energy
dissipation.

Fig. 5a presents the dissipated energy in each single cycle – calculat-
ed as the area encircled by the load–displacement curve, while Fig. 5b
presents the cumulative dissipated energy for each cycle – obtained
from the sum of the areas of all previous cycles and in both graphs the
peak loads are simultaneously displayed. From these figures it can be
seen that there are no significant differences between all specimens, ex-
cept for column P17ss_rpl, where the dissipated energy is slightly
higher up to the 12th cycle. The remaining columns do not present rel-
evant differences with regard to dissipated energy, either for each cycle
or for cumulative values.

Fig. 5a shows the decrease of dissipated energy in each cycle within
each set of cycles. The imposed displacement in the first cycle led the
materials of the columns to a new strain level causing new cracks in
the concrete, which means that for the following cycle the stiffness of
the column was lower in the critical section. In this aspect there is no
substantial difference between all columns.

Despite similar performance related to dissipated energy, all col-
umns show different performance for lateral load capacity. Columns
P12conf and P14rm_conf have lower load capacity and without signifi-
cant variation all through the test. Opposite to these, columns
P15ss_conf, P16cfrp_conf and P17ss_rpl have higher load capacity but
globally decreasing during the test.
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Fig. 4. Lateral load vs displacement: (a) P11ref; (b) P12conf; (c) P14rm_conf; (d) P15ss_conf; (e) P16cfrp_conf; and (f) P17ss_rpl.
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4. Non-linear numerical modelling

This section presents two possible approaches to the modelling of
the behaviour of the columns that were tested for axial and lateral load-
ing using thefinite element programme for nonlinear analysis of framed
structures SeismoStruct v7.0 [13]. The programme includes different
types of dynamic and static nonlinear analyseswith an incremental iter-
ative procedure and various types of frame elements. The displacement
time-history applied to the top of the frame element was defined based
on the testing data of column P12conf.
4.1. Distributed inelastic displacement-based frame element

The nonlinear analysis of frame elements through finite elements
with displacement-based formulations has widely been used, although
it has been indicated that the analysis based on such formulations tends
to become outdated [14].

The displacement–based formulation is also known as stiffness for-
mulation and its finite element approach consists of the interpolation
of section deformations fromanapproximate displacementfield follow-
ed by the use of the principle of virtual displacements (PVDs) to allow
the equilibrium relationship. It needs to reduce its stiffness by increas-
ing the number of element subdivisions.

This study used a subdivision of the frame element into six elements
for a distributed inelastic displacement-based elementwhere the frame
elements were modelled with 250 section fibres.

4.2. Plastic-hinge inelastic force-based frame element

Concentrated inelasticity models are also called plastic-hinge
models which consist of elastic elements in its length except in a



Table 3
Summary of results.

Peak load,
Pmax, kN

Peak moment,
Mmax, kNm

Strengthening
ratio

Yield displacement, Δya

mm (%)c
Displ. at breakb,Δu
mm (%)a

Column Push Pull Push Pull Push Pull Push Pull

P11 ref 66.5 72.0 111.4 123.8 1.00 1.00
8.8
(0.51%)

6.1
(0.36%)

–d

P12 conf 73.0 75.2 124.9 128.6 1.10 1.04
8.5
(0.50%)

7.9
(0.46%)

120
(7.0%)

P14 rm_conf 79.9 84.0 136.6 143.7 1.20 1.17
9.8
(0.57%)

10.2
(0.60%)

105
(6.1%)

P15 ss_conf 94.1 97.0 160.0 164.8 1.41 1.35
9.1
(0.53%)

7.6
(0.44%)

75
(4.4%)

P16 cfrp_conf 94.8 92.9 162.1 158.8 1.43 1.29 8.0 (0.47%)
8.6
(0.50%)

75
(4.4%)

P17 ss_rpl 96.1 87.0 163.3 146.2 1.45 1.20
8.6
(0.50%)

9.9
(0.58%)

75
(4.4%)

a Drift ratio: displacement at the point of load application divided by the column length from the base to this point.
b Δy was calculated using the bilinear approximation presented by Hose and Seible [1].
c In column P17ss_rpl the ultimate displacement was the one corresponding to less than 85% Pmax.
d Similar tested columns [6,7] showed drift ratios at failure of approximately 3%.
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determined fixed length where the distributed inelasticity is concen-
trated. In this case the formulation of this inelasticity is force-based.

The initial plastic hinge length used in themathematicalmodels was
estimated based on the expression proposed by Priestley and Park [15]
where lp= 0.08 L + 0.022 fs ds with lp being the plastic hinge length, fs
the steel yield stress and ds the diameter of the longitudinal steel rein-
forcement. Other authors propose different models specific for the esti-
mation of the length of plastic hinge in FRP confined columns [16,17,18].
However, given that themathematical models wold then be adjusted to
the behaviour of the tested columns, the authors opted to use the Priest-
ley and Park equation for an initial estimate. The value of 257 mmwas
obtained, which is 15% of the length L of the column.

After calibration of the models taking account of the tests results, the
plastic hinge length of the columns P15ss_conf, P16cfrp_conf and
P17ss_rpl, strengthened with longitudinal CFRP laminates or with stain-
less steel bars and confinedwith CFRP jackets, was reviewed and defined
as 12% of the total length. This value corresponds to the empirical as-
sumption that the length of the plastic hinge, in a reinforced concrete
column, corresponds approximately to half of the side of the cross-
section. In this case this value is 200 mm, which corresponds to 11.7%.

Table 4 shows the plastic-hinge length adopted for each model that
represents the tested columns in view of the bestfit to the experimental
results.
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4.3. Properties of the materials

The study examines the structural behaviour of reinforced concrete
columns that were strengthened with different materials. It takes into
account the complexity of the nonlinear behaviour of the materials, ex-
cluding CFRP whose stress–strain relationship is linear up to rupture,
the numericalmodelling of the tested columnsmakes it necessary to re-
sort to material constitutive models that can contribute to a reliable es-
timation of their behaviour.

The different constitutive models are described in this section and
the corresponding parameters were defined or adapted according to
the modelling results that best fit the results of the material tests.
4.3.1. Concrete
Themodel thatwas adopted for the nonlinear behaviour of the rein-

forced concrete is based on the stress–strain relationship defined by
Mander et al. [19] and the cyclic procedure proposed by Martinez-
Rueda and Elnashai [20].

The input parameters are presented in Table 5. For what is here
defined as ‘unconfined’ concrete and based on what was proposed
by Mander et al. [19] the model includes the confinement effect
that the transverse reinforcing steel grants to the cross-section.
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Table 4
Plastic-hinge length modelled for each column as a percentage of total length (1.71 m).

P11
ref

P12
conf

P14
rm_conf

P15
ss_conf

P16
cfrp_conf

P17
ss_rpl

Plastic-hinge length 15% 15% 15% 12% 12% 12%

Table 6
Mechanical parameters of the reinforcing steel for the numerical model.

Yield
strength

Elasticity
modulus

Strain
hardening

Transition curve parameters

fy (MPa) Es (GPa) μ R0 A1 A2 A3 A4

452 200 0.0044 20.5 19.0 0.15 0.025 1.0
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With regard to the confinement provided by the external jacketing of
the CFRP sheets, which is referred to as ‘confined’ concrete, the enve-
lope curve of Mander et al. model is modified by Faustino et al. model
[21] whose model was created for CFRP confined square sections
under axial compression. Despite the studied columns are rectangu-
lar and under the effect of bending with compression, the authors
opted to maintain the numerical analysis considering Faustino et al.
model.
4.3.2. Reinforcing steel
The nonlinear uniaxial model adopted for the reinforcing steel

is based on the stress–strain relationship of Menegotto and Pinto
[19] together with the isotropic hardening equations defined by
Filippou et al. [23]. The advantage of this model in relation to the
bilinear elasto-plastic model is that it includes the Bauschinger
effect, which better represents the behaviour of reinforcing steel
under cyclic loading where stiffness degradation needs to be
represented.

The parameters necessary for the definition of this model are the
steel yield strength, the modulus of elasticity, the strain-hardening
ratio μ and the parameters regarding the transition of the curve from
elastic to plastic behaviour, which are represented in Table 6. The me-
chanical parameters were obtained from tested samples prior to the ex-
ecution of the columns.
4.3.3. Stainless steel for longitudinal strengthening
For stainless steel the nonlinear model that was adopted was the

same as for reinforcing steel, based on Menegotto and Pinto [22]
coupledwith Filippou et al. [23]. However, apart from the yield strength,
some of the parameters were changed in order to take into account the
specific behaviour of thismaterialwith regard to the transition between
the elastic and plastic behaviour. The input variables for the numerical
model are presented in Table 7.

The change in the values of the transition parameters in relation to
the reinforcing steel was due to the fact that stainless steel has a signif-
icantly gradual transition between the elastic branch and the post yield-
ing branch. The quantification of these values was carried out taking
into account the results of the tests carried out on columns P15ss_conf
and P17ss_rpl.
Table 5
Mechanical parameters of the concrete for the numerical model.

Column

Unconfined concrete

Strengthening type
Comp. strength
fc0 (MPa)

Tensile strength
fto (MPa)

Strain at co
εco (m/m)

P11ref Reference column 20.6 1.6 0.0035
P12conf 3 CFRP sheets 21.5 1.7 0.0022

P14rm_conf a
3 CFRP sheets +
repaired with mortar

24.6 1.7 0.0022

P15ss_conf
3 CFRP sheets +
long. stainless steel

26.8 1.9 0.0022

P16cfrp_conf
3 CFRP sheets +
long CFRP laminates

27.3 1.9 0.0022

P17ss_rpl
3 CFRP sheets +
repaired with mortar +
longstainless steel

26.3 1.8 0.0022

a P14rm_conf was repaired with a high strength mortar. The adopted concrete parameters fo
and tension strength of the mortar.
4.3.4. CFRP laminates for longitudinal strengthening
Composite materials such as fibre reinforced plastics show a linear

elastic behaviour up to rupture when subjected to uniaxial loading in
tension. The adoptedmodel is a simplified uniaxial trilinear lawwithout
strength in compression.

The parameters needed for the definition of the numericalmodel are
the mechanical properties of the FRP material represented by the elas-
ticity modulus Ef and the ultimate tensile strength ff. The values of
these parameters were obtained from the testing of samples resulting
in a mean value of the elasticity modulus of 159 GPa and a mean value
of the ultimate axial strain of 1.03%which corresponds to amean tensile
strength of 1637 MPa.

5. Modelling results vs experimental results

The numerical modelling of the cyclic behaviour of the columns pre-
sented in this study was undertaken based on their actual geometric
and detailing properties along with the properties of all the materials
with the corresponding models described in the previous section.

Using two approaches, the modelling results were compared
with the tests results for columns P11ref, P12conf, P14rm_conf,
P15ss_conf, P16cfrp_conf and P17ss_rpl in terms of cyclic performance
of load–displacement relationship and the envelope of load–displace-
ment relationship for different drift ratios.

5.1. Load vs displacement cyclic behaviour

The overall results that compare tests with numerical modelling are
shown in Fig. 6. The reference column P11ref is a particular case (Fig. 6a)
where a displacement of approximately 40 mm was imposed on one
cycle in each direction. For the remaining columns the analysis shows
the cyclic behaviour up to the criteria of failure adopted to define the
test ultimate displacement.

For P11ref it can be seen that the modelling results of both ap-
proaches do not seem to match the test curve. In addition to the differ-
ence in the unloading path, the second branch of the modelling curves
presents softening behaviour during loading, while the test curve
shows hardening behaviour. When positioning the column in place for
testing, the irregular lower face of the footing block should have been
Confined concrete

mp. peak stress Peak comp. stress
fcc (MPa)

Peak tensile stress
ftc (MPa)

Strain at comp. peak stress
εcc (m/m)

– – –
23.5 1.8 0.006

59.1 4.1 0.0035

29.1 2.1 0.007

29.6 2.2 0.007

28.6 2.1 0.007

r the section were those of concrete confined with CFRP sheets assuming the compressive



Table 7
Mechanical parameters of the stainless steel for the numerical model.

Yield strength Elasticity modulus Strain hardening Transition curve
parameters

fy (MPa) Es (GPa) μ R0 A1 A2 A3 A4

565 200 0.00135 19.5 19.0 0.15 0 1.0
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placed against an additional relatively resilient material over the floor
slab, such as gypsum, which was used in the other tests. As a result,
while tensioning the vertical bars to fix the footing block to the floor
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Fig. 6. Cyclic behaviour lateral load vs imposed displacement for columns: a) P11r
slab, the footing block cracked at a distant of approximately 25 cm
from the column on both sides. These cracks changed the actual length
of the columnas the restraining lengthwent deeper in the footing block.
Taking into consideration the curves of both modelling approaches, it
can be seen that these show some differences, especially in the push
direction.

In column P12conf the lateral load is slightly underestimated by the
modelling approaches when compared to test results in both directions
from6% to 10%. Themodelling curves show significantly higher stiffness
in the unloading path, which might be explained by the non-
consideration of the buckling of reinforcing steel in the compressed
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side of the column. When comparing both modelling approaches, the
model with distributed inelasticity in displacement-based elements
shows results closer to those expressed in the experimental curve
while the plastic-hinge force-based approach presents an unloading
path with even higher stiffness.

For P14rm_conf the modelling curves show similar behaviour to the
test curve considering the peak load in each cycle from30mmdisplace-
ment onward. The peak load between all curves varies up to approxi-
mately 5%. Nevertheless, the slopes of the first branch of both loading
and unloading paths are significantly higher for both modelling curves
in relation to the test curve.

In column P15ss_conf the difference of peak loads between numer-
ical modelling results and test results vary from 1% to 3%. It can be
said that there is a fair approximation to the test curve although, for
this column also, the same difference is observed to have a significantly
higher stiffness behaviour expressed in the unloading branch of both
modelling curves. The final cycle shows a significant reduction in the
load capacity for the test curve, although the numerical models were
unable to replicate it. This aspect is likely to be associatedwith the stain-
less steel material modelling. The definition of the parameters that
model the transition from linear-elastic to inelastic behaviour is difficult
with some of the available models [22,24,25]. As regards the compari-
son of both modelling approaches, the plastic-hinge approach shows
slightly less peak load values for each cycle and a higher unloading
slope, representing higher stiffness at this stage.

In column P16cfrp_conf the modelling curves seem to be relatively
close to the test curve in the pull direction as shown in Fig. 6. In the
push direction the test shows an increase in its load capacity until the
CFRP laminate rupture at an imposed displacement of 45 mm (2.6%
drift ratio). In the pull direction the rupture of the laminates was
reached at an imposed displacement of 30mm (1.8% drift ratio). Conse-
quently, the behaviour of the column in the push direction presents a
gradual decrease of the lateral load for each cycle after the rupture of
the laminates. From the modelling results it is interesting to observe
that in both approaches the estimated behaviour in both directions is
similar. In normal circumstances a symmetrical behaviour would be ex-
pected for the column subjected to cyclic testing. It is assumed that this
non-symmetrical behaviour, taking into account pull and push direc-
tions, is due to either geometrical or material heterogeneities or even
both. In any case the peak lateral load of test and modelling curves
vary in the range of 1% to 3%.

Column P17ss_rpl had rupture of the longitudinal reinforcing steel
on one side and yielding on the opposite side. The particularity of the
analysis of this column is due to less load capacity in the push direction.
Both modelling approaches realistically represent the behaviour of the
column where the peak load in each cycle varied between 1% and 5%.
However, in the pull direction this difference reached 10%. This model-
ling difficulty is likely to be related to themodels that define both types
of steel, i.e., the reinforcing mild steel and the stainless steel. To model
more effectively the behaviour in the presence of both types of steel,
the calibration of the global numerical modelling reduced its accuracy
to the case where there is no contribution from the reinforcing steel
but only from the strengthening stainless steel.
6. Conclusions

The longitudinal strengthening of columns resulted in the increase
of the load capacity – approximately 40% – although the ductility capac-
ity decreased compared with the columns without this strengthening.
Furthermore, these all columns showed a strength degrading behaviour
until failure,while the columnonlywith the confinement strengthening
maintained its load capacity until rupture. Even so, failure took place for
imposed displacements corresponding to drift ratios of more than 4%,
considered as high displacement values forwhatmost structures should
bear.
As to the performance of the materials, in all the columns the con-
crete crushed at an early stage of the cyclic loading and the rupture of
the longitudinal reinforcing steel was observed in the subsequent cy-
cles, except in one of the columns. The CFRP laminates, applied to one
of the columns and anchored at both ends, also reached rupture at an
early stage of the cyclic loading. As for the stainless steel in two of the
tested columns, the strengthening bars did not reach rupture, given
the highly ductile behaviour of this material.

Based on the experimental results, two modelling approaches were
implemented to predict the behaviour of concrete columns under
axial and lateral loading with different condition and strengthening so-
lutions with different materials.

The calibration of both modelling approaches was carried out in
order to simulate the complete cyclic behaviour of the columns taking
into consideration not only the peak load but also the complete perfor-
mance until failure. Taking into account the peak lateral load in each col-
umn, the values of both modelling results compared with the tests
results vary from 1% to 10%. The numerical model using distributed in-
elastic frame elements shows slightly better accuracy for most columns
in all behaviour relationships and parameters. The plastic-hinge ap-
proach presents globally lower values of the peak load in each cycle.
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