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Abstract. In recent years, the use of FRP wrapping of reinforced concrete (RC) members has
been recognized as a reliable method for seismic retrofit of existing structures. The external
confinement of existing RC columns with FRPs is a sound technique for increasing the col-
umns ductility, by preventing brittle mechanisms such as bars buckling or post-yielding shear
failures and by improving the mechanical properties of concrete due to the lateral confining
effect. Several models have been developed for predicting the ultimate displacement capacity
and the ductility of FRP confined RC columns, however the accuracy of predictions has not
been well established yet. In this study, the experimental behavior of a RC column confined at
the plastic hinge region with one ply of carbon fibers (CFRP) is firstly analyzed and com-
pared with the response of the unstrengthened control column. The specimens are cantilevers
loaded with a low compressive axial load and subjected to uniaxial cyclic horizontal dis-
placements. The responses of the columns have been analyzed and compared in terms of fail-
ure modes and strength and deformation capacity. Particular attention has been focused on
the strain distribution recorded on the CFRP strips used to confine the RC column end; the
strain profiles along the cross-section perimeter in case of axial load and bending moment
interaction are presented and discussed at different load levels. In the second part of the study,
the deformation capacity of FRP confined RC column is analytically obtained, by using mod-
els for FRP confined square columns available in literature. The comparison between analyt-
ical and experimental results showed that currently available models give conservative
predictions of ultimate deformation capacity of confined columns.
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1 INTRODUCTION

Recent earthquakes confirmed the high vulnerability of existing reinforced concrete (i.e.
RC) structures to seismic event, due to the lack of proper seismic detailing. To overcome the
common deficiencies of RC members derived from the use of non-seismic design criteria, the
use of fiber reinforce polymers (i.e. FRP) has been recognized as a reliable method for in-
creasing members capacity [1-4]. In case of RC columns, mainly subjected to axial load and
horizontal cyclic displacements, the ultimate deformation capacity can be increased by using
an external confinement at the member’s end, where the plastic hinge region is located, with
unidirectional fibers orthogonal to the member longitudinal axis [5-10]. Indeed, the external
confinement prevents mechanisms that can limit the ductility, such as longitudinal bars buck-
ling, bond failure of lap-spliced reinforcement, and increases the ultimate strain of com-
pressed concrete, enhancing the ductility of the member.

Several analytical models for the stress-strain relationship of FRP confined concrete sub-
jected to axial compression have been developed in literature [11-16]. Two stress-strain mod-
els for FRP confined concrete [17, 18] were also implemented in the open-source platform
OpenSees [19]. Nevertheless, most of them are developed for circular members and only a
few models are available for square and rectangular sections. Moreover, differently from the
case of pure compression, in presence of combined axial load and bending moment a gradient
of concrete lateral dilatation occurs, because a part of the cross-section is in tension. Only few
authors investigated on the effectiveness of confinement and on the mechanical properties of
confined concrete in case of eccentric axial load [20-23].

Stress-strain models for FRP confined concrete can be used for predicting the ultimate de-
formation capacity of strengthened columns and for supporting the design of the retrofit inter-
vention. However, few comparisons have been found in literature between analytical
predictions and experimental results that validate the reliability of such models [16, 24].

In the first part of this study the experimental behavior of a square RC column confined at
the plastic hinge region with one layer of carbon fibers (CFRP) is presented and discussed in
comparison with a control column, which achieved a shear failure after the flexural yielding.
The specimens were cantilevers loaded with a low compressive axial load and subjected to
cyclic horizontal displacements. The responses of the columns have been analyzed in terms of
failure modes and increased deformation capacity in case of external CFRP confinement. Par-
ticular attention has been focused on the increased deformation capacity (i.e. ultimate drift
and ductility) due to the external wrapping with respect to the control column. Moreover, in
order to investigate on the effectiveness of CFRP confinement in case of axial load and bend-
ing moment interaction, a detailed analysis related to the axial strains distribution along the
fibers is reported.

The second part of the study presents the analytical predictions about the behavior of FRP
confined column, obtained making use of the analytical stress-strain relationships found in
literature and the plastic hinge concept. The comparison between analytical predictions and
experimental results showed a conservative trend of analytical predictions of ultimate defor-
mation capacity of retrofitted columns.

2  EXPERIMENTAL STUDY

2.1 Specimens geometry and material properties

Two square RC columns were designed in order to attain a brittle behavior after the flexur-
al yielding, due to the reduction of shear capacity caused by the increasing ductility demand
(i.e. flexure-shear failure mode).
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Figure 1: Geometry of specimens: control specimen (a) and CFRP confined specimen (b).

Each specimen had a square cross-section 300 x 300 mm reinforced with six 18 mm diam-
eter deformed rebars along the column principal direction (longitudinal geometrical rein-
forcement ratio, pi = As/bh = 1.7% with As total area of longitudinal steel reinforcement and
b,h, cross section dimensions). No additional longitudinal reinforcement, which could help in
shear resisting mechanism, was provided in the column secondary directions as typically
found in existing structures. Transverse reinforcement was made of 8§ mm diameter ties,
spaced at 150 mm apart (transverse geometrical reinforcement ratio, pw = Aw/bs = 0.22% with
Aw total area of transverse steel reinforcement and s the spacing). A reduced spacing has been
adopted in the zone of load application to avoid localized damages. The geometrical proper-
ties and reinforcement detailing reported for the two specimens in Figure 1.

The specimens were cantilevers made by a column and a foundation block: the column
height was 1,800 mm, the foundation block was 1,200 x 1,200 x 600 mm. The foundation
block and the columns of each specimen were cast in two phases to reproduce the discontinui-
ty of concrete at the column-foundation interface, as common practice in concrete casting
procedures. The lateral load was applied at a distance of 1,500 mm from the foundation block,
in order to simulate the behavior of a typical 3,000 mm height column, assuming that shear
length Ls was the column mid-eight (i.e Ls = 1,500 mm).

One of the two specimens (named A0) was used as a control specimen whereas the other
(named A1) was confined at the column base with uniaxial CFRP sheets with fibers perpen-
dicular with respect to the column longitudinal axis. The confinement was extended for 500
mm from the column-foundation interface, where the plastic hinge usually is developed. The
radius of rounded corners is R = 20 mm. The column A1l was confined with one layer of
CFRP, with a thickness of dry fibers #r= 0.33 mm. Since the CFRP sheets width was 300 mm,
two sheets have been used for the confinement, with a 50 mm vertical overlap region located
at the mid height of the confined zone. Further details of CFRP jacketing are reported in Fig-
ure 1b.
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Figure 2: Test setup (a) and displacement protocol (b).

The average concrete compressive strengths, derived from compression tests on four con-
crete cylinders for each specimen, were fc = 16.3 MPa and fc = 14.9 MPa for columns A0 and
Al, respectively. The same class of steel has been used for longitudinal and transverse rein-
forcement, characterized by an average yielding strength f, = 531 MPa. The average tensile
modulus and minimum ultimate strain of carbon fibers given by the manufacturer are £ =230
GPa and & = 1.3%, respectively. The CFRP sheets unit weight was 600 g/m?.

2.2 Test setup and instrumentation

The columns were subjected to constant axial load and horizontal cyclic loads. The test
setup and instrumentation are described in detail in [25] and shown in Figure 2a. All the
specimens were subjected to a constant axial load ratio (v = N/ Afc, where N is the axial load,
Ac is the concrete gross area and fc is the mean cylindrical concrete strength) equal to 0.1 and
a lateral cyclic loading under displacements control, see Figure 2b. A displacement rate of 0.2
mm/s was used for initial four cycles, then a higher rate 1.0 mm/s was adopted for the next
five cycles and a rate 2.0 mm/s was used for the last cycles. In each cycle, the target
displacement was achieved three times, see Figure 2b.

3 DISCUSSION OF EXPERIMENTAL RESULTS

The experimental force-drift relationships recorded for the two tests are reported in Figure
3. The control specimen A0 achieved a peak force Fmax = +86.1 kKN and Fimax = -85.4 kN in the
positive and negative direction, respectively (see Figure 3a). The drift ratio (4 = d/ Ls with d
equal to the top column horizontal displacement and Ls the shear length) at the peak load was
Armax = 4.8% both in the positive and negative load action directions. During the cycle at 4 =
6.4%, a sudden decrease of strength and stiffness has been observed among the three consecu-
tive repetitions and the loading branch of the next cycle, so that the test was stopped. Thus,
the ultimate drift ratio has been assumed equal to the one of last cycle, 4osrmax = £ 6.4%,
cause a strength degradation of 20% of the peak force (i.e. a lateral force lower than 80% of
the maximum one) has not been achieved. At a drift ratio of 1.6%, diagonal cracks appeared
along the sides B-D parallel to the load action direction especially in the plastic hinge region.
During the cycles at imposed drift of 4.8%, the first concrete spalling has been observed along
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Figure 3: Force-Drift curves for control column A0 (a) and column A1 confined with one ply of CFRP (b).

the side A of the specimen. At this stage, the buckling of longitudinal bars was also detected.
At failure, the concrete cover was completely spalled off; the spalling of concrete involved a
region with a height of about 470 mm from the fixed end. As expected, the failure mode of
specimen A0 was “quasi-ductile”, since plastic deformations were attained before a premature
failure due to the reduced shear capacity in the plastic hinge region.

A similar response in terms of peak forces has been recorded on specimen Al confined
with one ply of CFRP, so no increase of global strength has been recorded. However, the
global deformation and energy dissipation capacity was strongly improved by means of the
CFRP wrapping, see Figure 3b. In particular, the experimental peak forces were Fuax = +86
kN and Fmax = -86.5 kN in the positive and negative direction, respectively. Also in this case,
the drift corresponding at the peak loads was Armax = 4.8% both in the positive and negative
load action directions. By contrast, the ultimate conventional drift ratio, corresponding to a
strength degradation of 20% of the peak force, was significantly greater than in the case of A0
test and equal to 4o.sFmax = £+ 10.4%. Thus, the brittle mechanism observed in the control spec-
imen was prevented by the external confinement and a pure flexural behavior has been at-
tained. However, at a drift ratio of 6.4%, some diagonal cracks were detected in the
unconfined region along the B-D sides of the specimen. At failure, the confined concrete was
totally cracked. No CFRP tensile failure or debonding have been observed, but a premature
failure given by horizontal cracks between fibres was detected. In particular, longitudinal
cracks along the fibres direction developed at about 50 mm from the fixed-end, due to a con-
centration of stresses provided by the lateral dilatation of damaged concrete in the direction
orthogonal to the fibres.

Thus, the CFRP confinement of the specimen increased the ultimate deformation capacity
of +62.4% with respect to the control specimen.

4 PREDICTION OF ULTIMATE DRIFT

4.1 Analytical approach

Analytical models and predictive equations for defining a simplified force-drift curve of
FRP confined RC columns are herein investigated. The envelope curve of cyclic response of
the confined RC columns can be approximated with a bilinear curve, which consists of a three
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data points: the origin, the point corresponding to the first yielding of internal steel reinforce-
ment and the point corresponding to the ultimate deformation capacity at flexural failure.

The elastic drift corresponding to the first yielding of internal steel rebars, Ay, can be calcu-
lated according to the formulation suggested in [16], which account for the flexural and shear
deformations and for the fix-end rotation before the yielding:

1 h d,f,
Ay :§¢y (LS+O.52)+0.0014(1+1.SEJ+0.125¢y \/zy (1)

where ¢, =2¢,/h the simplified yielding curvature, z the internal lever arm and d» the longitu-
dinal steel bars diameter.

The ultimate deformation capacity is calculated as the sum of the elastic drift ratio, Ay, and
the plastic one, Api. Two different approaches reported Biskinis and Fardis (2013) [16] can be
followed for evaluating the plastic drift ratio: (i) by using an empirical formulation calibrated
on 219 experimental tests on FRP confined members and reported in Eq. (2) or (ii) by using a
mechanical formulation based on the plastic hinge concept and reported in Eq. (3).
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where aw and ar are factors accounting for the effectiveness of confinement for steel and
FRP reinforcement, respectively, @u is the ultimate curvature and L, is the plastic hinge length.
The last term of Eq. (3) represents the post-elastic fixed-end rotation, empirically obtained as
best fitting of experimental results on unconfined members. A further description of the
aforementioned formulations can be found in [16].

The plastic hinge length is herein calculated as reported in [16] in case of cyclic loading for
unconfined members:

L,=0.2h [l+%min(9;%ﬂ 4)

The lateral force corresponding to the elastic curvature and the ultimate curvature, corre-
sponding to the achievement of an ultimate concrete compressive strain, are calculated per-
forming a moment-curvature analysis for the column critical cross-section by using a fiber
model [26]. For the non-circular FRP confined concrete, six stress-strain models were select-
ed from the international codes provisions and recent literature: fib Bulletin 14 — Spoelstra
and Monti (2001) [27], ACI 440 (2008) [28], CNR DT-200 (2013) [29], Biskinis and Fardis
(2013) [16], Pantazopoulou et al. (2016) [30] and Ghatte et al. (2017) [24]. The main expres-
sions for ultimate strength, feu, and strain, ec., of FRP confined concrete according to selected
models are reported in Table 1 as a function of the unconfined concrete peak strength and cor-
responding strain, fco and eco. The effective lateral confinement pressure, fi’, exerted by the
FRP confinement is calculated as:

fi'=a,pEes )

where oy is the FRP effectiveness of confinement factor, pris geometrical ratio of FRP exter-
nal reinforcement and &z = key €11 1s the FRP effective strain.
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Since the main purpose of the analysis is the evaluation of the ultimate curvature under
combined axial load and bending moment, the concrete stress-strain relationships were con-
sidered as follows: the first part is parabolic up to the peak strength of unconfined concrete
(strength equal to the experimental f.0 = f- and conventional strain at peak strength e.0= 0.002);
the second part is linear up to the ultimate strength and strain calculated as reported in Table 1.
For steel internal reinforcement, an elasto-plastic model has been selected.

In order to compare the different stress-strain models for FRP confined concrete, the ulti-
mate strength and deformations calculated according to the expressions in Table 1 are summa-
rized in Table 2, along with the limitation adopted in each model for the FRP effective strain

greyr and ke The stress-strain relationships for the FRP confined concrete are also plotted in
Fig. 7.

Model Sfe/fe Eon/Eet
R 023" 241256, , (E/ £)(47 1)
Mowy L LS H12047 1) (01 100)"
Moo 1 (0.0035+0015(,7 £,)"*)/ 2.4
Fandie 01) 14331 f, (0.0035+(10/ ) +0.417 1, )/ £,
Fan gizﬁggyg;u 0.85 (0.0035+0.075(a, 0, f, + £,')/ £,y )/ £.4

Ghatte et al. ' . 053
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Table 1: Expressions for FRP confined concrete ultimate strength and strain (foo and & are the peak strength and
strain of unconfined concrete).
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Figure 7: Stress-strain models for FRP confined concrete.

fib Bulletin  ACI 440 CNR 200 Biskinis and  Pantazopoulou Ghatte et al. Empiric form

14 (2001) (2008) (2013) Fardis (2013) et al. (2016) (2017) Eq. 2)
£eu 0.0199 0.0045 0.0090 0.0155 0.0123 0.0177 -
feu [MPa] 25.6 17.2 14.9 - 12.7 21.9 -
Kett 0.58 0.31 0.60 0.58 0.70 0.85 1
Eeft 0.008 0.004 0.008 0.008 0.009 0.011 0.013

Table 2: Main parameters calculated for selected models.
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From the comparison among different axial stress-strain models for FRP confined concrete,
see Figure 7, it is observed that most of them assume a hardening behavior up to the failure,
due to the elastic behavior of FRP material [i.e. fib Bulletin 14 — Spoelstra and Monti (2001),
ACI 440 (2008), Biskinis and Fardis (2013), Ghatte et al. (2017)]. The model proposed by
CNR DT-200 (2013) for evaluating the ultimate drift or chord rotation is a parabolic-
rectangular model, with ultimate strain increased by the FRP confining effect. On the contrary,
the model proposed by Pantazopoulou et al. (2016) for FRP confined concrete is similar to
that of concrete confined by steel hoops, with a descending branch after the peak. Moreover,
the model proposed by Pantazopoulou et al. (2016) takes into account also the confinement
provided by internal transverse steel reinforcement.

4.2 Comparison between experimental, analytical and numerical results

Firstly, the experimental behavior of control column A0 has been compared with the ana-
lytical predictions given by Eq. (2) and Eq. (3) in case of steel confinement only, in order to
evaluate the reliability of the approaches. For the unconfined concrete, a Mander [31] model
has been used with a concrete ultimate compressive strain of 0.004. The experimental force-
drift curve is reported in Figure 8 along with the experimental envelope curve, the analytical
bilinear curve obtained within Eq. (2) and the analytical bilinear curve obtained by using Eq.
(3). In particular, Figure 8a reports the analytical curve obtained by using Eq. (2), whereas
Figure 8b shows the analytical curve obtained by using Eq. (3).
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Figure 8: Comparison of experimental, analytical (Eq. (2) and Eq. (3)) results for control specimen AOQ.

For the control specimen A0, the limitation of concrete ultimate strain to 0.004 leads to
conservative predictions (i.e. -30%) of ultimate deformation capacity for the analytical ap-
proach based on curvatures. Conversely, the analytical approach based on empirical formula-
tion in Eq. (2) overestimated the deformation capacity of the member of +22%. The main
results in terms of ultimate deformation capacity obtained for specimen A0 are summarized in
Table 3 (Aexp. experimental ultimate drift, Aanar. analytical driftaccording to Eq. (3), Aanaiemp. ultimate
drift according to empiric formulation in Eq. (2)).

Acxp. Aanatemp. (Eq. (2))  Error Aanal. (Eq. (3)) Error
6.4% 7.8% +22% 4.5% -30%

Table 3: Predictions of ultimate drift ratio for control specimen AQ.
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However, it should be noted that the ultimate flexural drift ratio of control specimen has
not been achieved during the test, due to the premature brittle failure that is not taken into ac-

count in these analytical approaches.

ACT 440 (2008)
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Figure 9: Comparison of experimental and analytical force-drift curves for
specimen Al according to different stress-strain FRP confined concrete models.
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Model Aexp Aanal Error Aanalemp. Error
fib Bulletin 14 (2001) 11.0% +6%
ACI 400 (2008) 4.0% -61%
- 0 _ 0,
CNR-DT200 (2013) 10.4% 7.9% 23% 12.9% 12504
Biskinis et al. (2013) 10.7% +3%
Pantazopoulou et al. (2016) 8.9% -14%
Ghatte et al. (2017) 10.5% +2%

Table 4: Prediction of ultimate drift for control specimen Al.

The main results in terms of ultimate deformation capacity for FRP confined specimen A1l
are summarized in Table 4 for selected models.

The comparison between experimental and analytical results based on plastic hinge con-
cept (i.e. derived from Eq. (3)) shows that the adoption of stress-strain models proposed by
ACI 440 (2008), CNR DT-200 (2013) and Pantazopoulou et al. (2016) for calculating the ul-
timate drift ratio of the confined column under cyclic loading give results sensitively lower
than the experimental one (i.e. errors of -61%, -23% and -14% respectively). Conversely,
models proposed by Ghatte et al. (2017), Biskinis and Fardis (2013) and fib Bulletin 14 (2001)
give results more close to the experimental ultimate drift ratio (i.e. errors of +2%, +3% and
+6%, respectively). On the other hand, the empirical approach based on regression of experi-
mental results (i.e. derived from Eq. (2)) gives a non-conservative result and overestimates the
ultimate capacity of the confined member of +25%. This result is consistent with the CoV de-
clared by the authors in [16] for the empirical formulation in Eq. (2) equal to £+ 30.6%.

5 CONCLUSIONS

The experimental behavior of a RC column subjected to combined axial load and cyclic
uniaxial bending and confined at the plastic hinge region with CFRP uniaxial sheets has been
presented and discussed in comparison with an unconfined control specimen. The confine-
ment of the potential plastic hinge region did not changed the member strength capacity but
prevented the brittle failure observed in the control specimen and significantly increased its
deformation capacity (+60.4%), due to the external lateral compression exerted by the fibers.

Then, analytical approaches provided by international codes and recent literature for pre-
dicting the ultimate drift ratio of confined members have been analyzed and applied for the
specimen experimentally tested. The comparison between the experimental result of the col-
umn confined with FRP and the analytical results, according to plastic hinge concept, shows
that the stress-strain models for confined concrete proposed by ACI 440 (2008) strongly un-
derestimate the ultimate deformation capacity (-61%) whereas the models proposed by fib
Bulletin 14 (2001), Biskinis and Fardis (2013), Ghatte et al. (2017) give a good prediction of
ultimate drift ratio, with errors lower than +6%. On the other hand, the empirical approach
based on regression of experimental results overestimated the ultimate drift ratio of confined
specimen of 25%. All the results are based on a single experimental tests and can not be gen-
eralized for CFRP confined RC members.
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