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The paper presents experimental and numerical investigations on the behaviour of rubberized concrete short columns confined
with aramid fibre reinforced polymer (AFRP) subjected to compression. Additionally, the possibilities to substitute fine aggregate
with crumb rubber granules, obtained from discarded worn tires, in structural concrete is also assessed. Because replacing
traditional concrete aggregates by rubber particles leads to a significant loss in compressive strength, the authors highlight the use
of AFRP confinement to partially or fully restore the compressive strength by applying a number of 1, 2, and 3 layers. Analytical
models available for confined regular concrete are used to predict the peak stresses and the corresponding peak strains. Some
analytical models give accurate results in terms of peak stress while others better approximate the ultimate strain. The full stress-
strain curve of rubberized concrete and the experimentally obtained values for the material properties of AFRP are used as input
data for the numerical modelling. A good agreement is found between the results obtained for the peak stress and corresponding

axial strain from both the numerical simulations and the experimental investigations.

1. Introduction

The use of rubber aggregates, obtained from recycling end-
of-life tires (ELT), in the construction industry amounts to
an estimated 135,000 tonnes in Europe, meaning only 12%
of the annual ELT output [1]. To date, rubberized concrete
(RuC), that is traditional concrete in which a percentage of
natural aggregates is replaced by rubber crumbs, has been
used in construction industry for isolated foundations of the
rotating machines to improve the damping of the vibrations,
in platforms of the railway stations, support layers for buried
pipes, road asphalt mixtures [2], paving systems and wearing

layers for floors [3], acoustic and road side barriers [4], and
the structural elements of shock dampers [5].

From the early research works [6], it was clear that
substituting natural aggregates by rubber particles has led to
a significant drop in the compressive strength. Subsequent
investigations [7-9] confirmed earlier findings and high-
lighted the improved damping properties of rubberized
concrete [10-12]. The optimization of the rubberized con-
crete mix, although a complex task, may lead to high-value
applications from the point of view of sustainability [13].

It is commonly agreed on the fact that in order to utilize the
rubberized concrete in structural applications, confinement
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needs to be provided either internally [14], by means of fibres,
or externally [15-17], by means of different types of fabrics
embedded in polymeric resins. The use of rubberized concrete
(RuC) in structural applications, as reported in the scientific
literature, is quite limited [18-21]. Further studies are required
before RuC becomes a material of choice for construction
engineers.

Besides the clear benefits of using external confinement
and especially with the new types of composite materials
[22], a fresh set of problems had to be solved by the scientists,
namely, the analytical models describing the behaviour of
the newly resulted structural element [23, 24]. The first
mathematical models of confined concrete by fibre-
reinforced polymer (FRP) wraps had as a starting point
the already existing equations developed for assessing the
confining effect of traditional reinforcing cages in concrete
elements [25-27].

With the increase in the number experimental tests on
compressed FRP confined columns, bilinear forms of the
models [28-30] or trilinear shapes have been developed
[31, 32]. To this day, the study of the confining effect of FRP
wraps on RC square columns made of OPC concrete is still an
issue that needs more attention [33] first and foremost be-
cause of the complex behaviour due to the nonuniform lateral
deformations along the perimeter of the cross section [34, 35].
The vast majority of research works focus on traditional
concrete, without any inclusions of recycled materials, as it is
the most widely used construction material. However, the
proposed models available in the scientific literature address a
wide range of compressive strength values as well as various
types of FRP wraps [22, 32, 33, 36, 37].

2. Research Significance

The paper presents the results obtained in a research project
the aim of which was the applicability of rubberized concrete
in construction industry for load bearing elements. The short
columns presented in this study are part of an RC model,
shown in Figure 1, tested on various loading conditions,
including lateral loads. Given the sharp decrease in the
compressive strength of concrete when natural aggregates
are replaced by rubber particles [9], the laboratory in-
vestigations aimed at confirming the suitability of using RuC
in civil engineering structures.

The short columns were confined using AFRP jacket. The
confinement was carried out to (a) restore the initial
compressive strength of concrete [15] and (b) prevent the
occurrence of the shear failure in the short columns [38]
when the RC model was subjected to various loading sce-
narios [36].

Given the limited number of papers related to structural
applications of RuC, the findings of the research work presented
in here are certainly adding some of the needed information.

3. Materials and Methods

3.1. Materials. If the study was to have an impact from the
point of view of recycling and saving natural resources, then
one of the frequently and widely used types of concrete
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F1GURE 1: The scaled-down structural model and the short column.

should be considered. A target compressive strength class
C25/30 concrete was considered since it is one of the most
widely used type of concrete for structural members in the
construction industry.

The cement was a CEM I 42.5R type, readily available on
the market. The natural aggregates were river aggregates
without sharp edges to avoid the initiation and propagation
of cracks due to stress concentrations.

The rubber crumbs came from a local supplier, and they
were obtained from recycling discarded ELT. The rubber
aggregates were examined for either textile or steel impu-
rities before being used in the concrete mix. For the purpose
of this research, two grain size intervals were taken into
account: 0-4 mm to replace the sand and 4-8 mm to replace
small coarse aggregates. The mix proportion for the rub-
berized concrete is shown in Table 1.

The replacement percentage of the natural aggregates by
rubber particles was 40% by volume. The material charac-
teristics of the aramid fibres and the bicomponent epoxy
resin are given in Tables 2 and 3, respectively.

3.2. Methods. The rubber aggregates were weighted to assess
their density [9]. The obtained values were similar to those
reported by other researchers [12].
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TaBLE 1: The mixing proportion of concrete with the addition of rubber granules.
Mixing proportions (kg/m”’)

Aggregate Aggregate Rubber* Rubber*
wie Cement Sand 4-8mm 8-16 mm 0-4mm 4-8mm
0.47 489 488.59 294.59 646.7 93.41 93.41
*Table values correspond to 40% of the 0-4 mm fine aggregate and 4-8 mm small coarse aggregate.

TaBLE 2: Characteristics of the aramid fibres. 3000
Density (g/cm®) 1.45 I 2900
Elastic modulus (kN/m?) >120 r
Tensile strength (N/mm?) >2900 2500 i
Elongation at rupture (%) 2.5 L
Design thickness (mm) 0.2 r
2000
=z i
TaBLE 3: Bicomponent epoxy resin characteristics. s L
Density (g/cm?) 111 2 1500 1
Glass transition temperature (°C) 44 S r
Tensile strength after 14 days (N/mm?) 35.8 1000 [
Modulus of elasticity static after 14 days (N/mm?) 2581.8 L
Modulus of elasticity dynamic after 14 days 2515 at +20°C r
(N/mm?) 2989 at —20°C wl S0
Elongation at break (%) 2.3 00 1 SRR
0 - T ..“.....H».».—.-.—.-.—.-.—--.—--.-n-r|r.-r.'r.'r.'.—.';‘.3$18;....

The specimens were cast in vertical position, in wooden
moulds, and were compacted with an electrical vibrator.
Care was taken not to excessively vibrate the moulds to
prevent the rising of the rubber particles at the top of the
specimens. The rounding of the corners was obtained by
placing in the casting mould four chamfered battens with a
radius of 2.5 cm. This was done in order to ensure that the
confinement with aramid FRP will work as intended and
that there are no gaps between the fabric and the RuC
column, especially at the corners [39]. Confinement ef-
fectiveness increases with an increase in corner radius and
decreases with an increase in the sectional aspect ratio
[22, 37, 40].

The fibres, the epoxy matrix, and the aramid FRP (AFRP)
were subjected to uniaxial tensile tests, along the fibre di-
rection, to assess their mechanical properties [41]. The ob-
tained stress-strain curves are shown in Figure 2, and the
average recorded values for the AFRP specimens correspond
to a fibre volume fraction Vi = 27%, a tensile strength of
506.8 MPa, and a corresponding tensile strain of 2.25%. The
results were later used in the numerical modelling as input
data.

The confinement procedure was hand wrapping of AFRP
around the RuC short columns in 1, 2, and 3 layers using a
brush to saturate the fibres with epoxy resin and a roller to
remove the excessive resin and the entrapped air. The fibres
orientation was in the hoop direction and a 100 mm overlap
was considered in all cases in order to ensure a good an-
chorage and prevent debonding during the compression
tests [39].

The main parameters of the research were the volume
percentage of natural aggregate replacement by rubber
particles and the number of AFRP confining layers. A total of

0 025 05 075 1 125 15 175 2 225 25 275

Strain (%)

Aramid fibre
-—-- Epoxy matrix
—— AFRP

FI1GURE 2: Tensile stress-strain curves of aramid fibre, epoxy matrix,
and AFRP coupon with volume fraction V¢ < 27%.

20 short columns, 150 x 150 x 300 mm (b x h x L), were cast
and tested at the age of 28 days. Five specimens were con-
sidered for the reference concrete mix and for each confining
scenario (1, 2, and 3 layers of AFRP). Prior to testing, each
short column was instrumented with strain gauges both in
the hoop direction and along the loading direction,
Figure 3(a). In addition, the specimens were also instru-
mented with linear-variable displacement transducers
(LVDTs), Figure 3(b), that were used to obtain the complete
stress-strain curve under compression by means of a pat-
ented device developed in the laboratory [42].

The uniaxial compression tests were carried out with the
help of a 3000 kN universal testing machine at a constant
loading rate of 0.2 MPa/s (4.5 kN/s). The data were recorded
with the help of a data acquisition system capable of re-
cording 100 kSamples/s/channel.

4. Results and Discussions

4.1. Stress-Strain Curve of Unconfined Rubberized Concrete
Short Columns. Figure 4 shows the average complete stress-
train curve [42, 43] obtained for the short columns made of
unconfined rubberized concrete. Previous research works
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FIGURE 3: Arrangement of LVDT and strain gauges on the AFRP jacket. (a) Position of strain gauges. (b) Fully instrumented specimen.
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FIGURE 4: Complete stress-strain curve of normal and rubberized unconfined concrete columns and failure mode.

showed a significant decrease in the compressive strength
compared to traditional concrete when natural aggregates

were replaced by rubber particles [9, 43].

The average compressive strength from five sam-
ples of the short columns made of RuC was 10.97 MPa.
The value is almost one-third of the target cylinder
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compressive strength of 30 MPa needed for a C25/30
concrete class.

The complete stress-strain curve of the unconfined
concrete was then used in the numerical model in order to
assess the overall behaviour of the structure, Figure 1,
subjected to different loading scenarios. The strain energy
stored by the element in the postpeak region is almost
similar in magnitude to the one stored in the prepeak
region, including the linear-elastic range and the elasto-
plastic range. This is a very important piece of information
because it could explain the gradual decay of the structural
characteristics of the model mainly due to the confining
effect the steel reinforcing cage provides to the concrete
core [27].

However, for RuC members in structural applications,
additional confinement needs to be provided.

4.2. Stress-Strain Curve of AFRP Confined RuC Short
Columns. External confinement was provided in the form of
1, 2, and 3 layers of AFRP. The overlap length was chosen
100 mm in order to prevent early debonding.

Figure 5 shows the average stress-strain curves for un-
confined and the three cases of confined RuC short columns.
Each curve was obtained as the average of five specimens for
each confining scheme. One layer of AFRP with 100 mm
overlapping has led to an increase of 191% in the com-
pressive strength compared to the unconfined short column.
Adding 2 and 3 layers of confinement has led to 295% and
363% improvement over the reference case, respectively. It
can be observed that with two layers of AFRP, the concrete
restored its target compressive strength of 30 MPa.

Additionally, confined RuC short columns exhibited
larger axial strains corresponding to the peak stress compared
with the unconfined specimens (6.9%o). The recorded values
were 5.6 times larger for one layer of AFRP (39.4%o) and up to
10 times larger for three layers of confinement (70.02%o). It
can be noticed that the ductility significantly improved in the
case of confining with AFRP composite jackets. Table 4
summarizes the experimental results in terms of peak com-
pressive stress and the corresponding strain.

Another benefit of using AFRP composite jackets was
the increase in the upper limit of the linear-elastic range,
Figure 6. The corresponding stress, also called in the
scientific literature transitional compressive strength
[44, 45], shows an increase proving the suitability of using
AFRP wraps as strengthening solutions of RuC short
columns.

However, the initial stiffness of the composite element did
not show a significant change compared to the unconfined
short column. This could be explained by the fact that during
the linear-elastic range of the stress-strain curve, the be-
haviour is mainly governed by the rubberized concrete. With
the increase in the axially applied load, the concrete swells,
thus activating the AFRP jacket. Although a perfect bond is
assumed between the concrete and the composite jacket from
the very beginning, the experimental investigations show this
is not entirely true. The benefit of using AFRP confinement is
observed after the elastic limit is exceeded.

The value of failure strain of AFRP was also recorded by
means of strain gauges, Figure 3(a), and it was less than the
one obtained in pure tensile tests. This was due to the fact
that besides tensile stresses, the AFRP jacket was also
subjected to laterally applied pressure due to the dilatation of
the rubberized concrete short columns.

4.3. Comparison with Analytical Solutions. The experimental
results were compared with the classical analytical solutions
[46, 47] frequently used by structural designers and pro-
posed models found in the scientific literature for regular
concrete elements [36, 37, 45, 48-51], Table 5. The pa-
rameters that influence the confinement effect produced by
AFRP jacket are the volumetric ratio of AFRP jacket, the
tensile strength of AFRP jacket, the tensile modulus of
elasticity in the hoop direction, the ultimate tensile strength
of AFRP, the compressive strength of unconfined rubberized
concrete, and the rubberized concrete column dimensions
including the corner radius [22, 40]. Generally, the formula
for the strength model is based on a linear relationship
between the confinement effectiveness factor f/f. and
confinement ratio f./f! [45].

The normalized values, with respect to the experimen-
tally obtained data, are presented in Figure 7, for the peak
stress, and Figure 8, for the corresponding ultimate strain.
f éetheo and &y, are the confined concrete strength and the
ultimate strain of confined concrete computed by using the
analytical models presented in Table 5.

Analysing the results shown in Figure 7, it can be ob-
served that the ACI model [47], the Lam and Teng model
[49], and Girgin model [50] give accurate results in terms of
peak stress for one layer of confinement. For the specimens
using two and three layers of AFRP, the fib [46] and Lam and
Teng model [49] produce accurate results. The scattering of
the results given by the analytical models becomes smaller
with the increase in the number of layers. This could be
explained by the fact that these models were developed for
regular concrete, and with the increase in the number of
confining AFRP layers, the RuC reaches the target com-
pressive strength of concrete of 30 MPa.

The normalized ultimate strain values, Figure 8, present a
larger scattering especially for the specimens confined with
three layers of AFRP. For two of the three levels of con-
finement, the Girgin model [51] gives the best approxi-
mation of the experimental results. For the third case, the
ACI model [47] yields slightly better results but not by a
significant margin.

4.4. Numerical Analysis. The numerical analysis was con-
ducted by means of ATENA Software, specially designed for
the nonlinear analysis of concrete structures.

The numerical model of the short concrete column is
shown in Figure 9. The concrete core was modelled via a
CClIsoWedge solid element, Figure 10, [52]. In order to avoid
any convergence errors, the layers of AFRP were modelled
using the same element applied to the concrete core for which
the thickness was changed to fit the thickness of the AFRP
composite jacket. For the specimens having two or three layers
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FIGURE 5: Average stress-strain curves of unconfined and AFRP-confined rubberized concrete short columns.
TaBLE 4: Experimental values of confined rubberized concrete.
i b f fini 1 fé fc,c ! ! Ecu Eccu
Specimen Number of confining layers (MPa) (MPa) felfe (%0) (%0) Eccul€cu
RuC 0 10.97 — — 6.9 — —
RuC-AFRP-1L 1 — 20.94 1.91 — 39.37 5.71
RuC-AFRP-2L 2 — 32.40 2.95 — 60.01 8.70
RuC-AFRP-3L 3 — 39.87 3.63 — 70.02 10.15

fl: compressive strength of unconfined rubberized concrete short column (MPa). f!: compressive strength of confined rubberized concrete short column

(MPa). ¢, ultimate axial compressive strain of unconfined rubberized concrete short column (%o). €..,:

rubberized concrete short column (%o).

u: Ultimate axial compressive strain of confined
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Ficure 6: Elastic limit for the unconfined and AFRP confined rubberized concrete short columns.
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TaBLE 5: Confined concrete models for square concrete columns.

References Confining pressure and
standards and/or ~ Compressive strength models Ultimate axial strain § pressu
coeflicients
models
. L fL=2.25441+7.94(f1/ f1) f1 = pek Ese
Fib, 2001 [46 fedfe Ve Jel =1+5(f /f -1 1 = PeRsBrégy
1 [ ] _z(fl/fé)_lzsél Eccl€c (fcc fC ) ks =1- (2/3)((b_2r)/Ag(1_P1))

fl = ((\/j(prfrpefrptfrp)/b)
¢¢ = 0.95, reduction factor

ACI committee
440, 2008 [47]
Shehata et al.,
2001 [48]; (fco
= 25-30 MPa),
CFRP

Youssef et al.,
2007 [45); (feo
= 25-35 MPa),
CFRP, GFRP
Lam and Teng,
2002 [49]’ (fCO fc,:c/fclo = (1 +3.3 (Ae/Ac) (fl/fcfo)) scu/sco =175+ 12(fl/fc,o) (Sfrp/sco)OAS fl = ((ZEfrpefrptfrp)/D)
= 27-55Mpa)

Girgin and

Girgin, 2014

[50]; strength

model (fo,

— 7_ — 2 fl = ((ZEfrpefrptfrp)/D)
G s felfom e QUBLL)Y Sl T TR AU ) B=1-0,0172(log f.,)’
(51, strain M = 0.0035f2, —0.0056 f ., +2.83
model, (f,

= 15-50 MPa),
CFRP, GFRP

flo feo confined concrete strength; f!, f.., fo: unconfined concrete strength; f;: lateral confining pressure; A,: cross sectional area of effectively
concrete section; A,: cross sectional area of concrete section; A: total area of concrete; A,: gross area of column cross section with rounded corners; b:
side lengths of square column cross section; D = b+/2: the equivalent diameter, or the diagonal distance of the square cross section; r: radius of
rounded corners; p;: volumetric ratio of longitudinal reinforcement to gross cross section; k,,: shape coeflicient; p,: the confinement stiffness ratio; p,:
the strain ratio; E,,,: elastic modulus of FRP; &,: axial strain of FRP; ¢, &: axial strain of unconfined concrete; ¢, &, ultimate strain of confined
concrete.

fefie= (L+33(AJA)(FUFL) ealeco = 15+ 12(AJA) (Fil flo) (erplece) ™™

féc = fc:,o(l + 0'85(f1/fc,o)) €u = €0 [1 + 13‘5(f1/fc,0)] fl = ((szrptfrp)/D)

féc/fclo =0.5+1.225 (kelfl/fclo)3/5 Eu = [0.00433 + 0.26 (kelfl/fé) (ffrp/fc’)l/z] fl = ((forptfrpkel)/D)
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FIGURE 7: Normalized peak stress values. Ficure 8: Normalized peak compressive strain.



FiGURE 9: FEM model of the short RuC column.

X

FiGure 10: The CCIsoWedge solid elements used in the finite
element model.

of confinement, the numerical model was generated with a
single layer of AFRP having the appropriate thickness to match
the specimens used during the laboratory investigations.

The material properties of RuC and AFRP jacket were
experimentally determined and were used as input pa-
rameters in the numerical model. Stress-strain curve for each
material has to be used as input data for nonlinear analysis in
order to obtain accurate results, Figures 2 and 4. The ma-
terial model used for the numerical analysis included a
nonlinear behaviour of concrete in compression, fracture of

Advances in Civil Engineering

concrete in tension, biaxial strength failure criterion, re-
duction of compressive strength after cracking, tension
stiffening effect, and reduction of the shear stiffness after
cracking [52].

The obtained results are presented in Figure 11. The
stress-strain curves experimentally obtained are shown with
solid lines while the results from the FE analysis are shown
with dashed lines. It can be observed that there is a good
agreement between the two types of stress-strain curves.

The stress-strain curves obtained by means of FEA show
a higher initial stiffness compared to the experimental ones.
This could be explained by the initial setting of the RuC short
columns in the loading machine that could cause the in-
strumentation to record higher initial vertical deformations.

Additionally, a perfect bond assumption was considered
in the numerical model which leads to the short columns
having a higher stiffness. On the other hand, the perfect
bond effect between the RuC and the AFRP jacket is be-
coming significant from higher compressive stress values, as
shown in Figure 6.

The values of the peak compressive stress and the cor-
responding axial strain are summarized in Table 6. Both
categories of results show very similar values.

5. Conclusions

The paper presents experimental and numerical in-
vestigations on the behaviour of rubberized concrete short
columns confined with aramid fibre reinforced polymer
subjected to compression. The aim is to check the suitability
of using rubberized concrete for structural application. The
AFRP wraps are used to restore the compressive strength of
rubberized concrete that is significantly decreased when
substituting the natural aggregates by rubber aggregates.

Based on the experimental and numerical investigations
conducted during the research program, the following
conclusions can be drawn:

(1) The complete stress-strain curves of unconfined
normal and rubberized concrete were obtained. The
strain energy stored in the postpeak region of the
curve is similar in magnitude to the energy available
in the prepeak region. In addition, the axial strain of
the rubberized concrete corresponding to the peak
stress is much larger than that in the case of regular
concrete. This shows the improved deformability of
the rubberized concrete columns.

(2) Confining the rubberized concrete columns with
different number of AFRP layers leads to a full re-
covery of the concrete compressive strength lost by
replacing the natural aggregates with rubber parti-
cles. In terms of axial behaviour of the short col-
umns, the ultimate axial strain increases up to 10
times compared to unconfined specimens and
depending on the number of AFRP layers used as
confinement. The complete stress-strain curve of the
confined rubberized concrete short columns cannot
be determined due to the explosive failure of the
jacket.
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TaBLE 6: Experimental vs numerical simulations values.
Experiment Finite element analysis
Specimen Number of confining layers fé fl e Eecu f ! f L e ecu
(MPa) (MPa) (%o0) (%o0) (MPa) (MPa) (%o) (%o)
RuC 0 10.97 — 6.9 — 10.5 6.86 —
RuC-AFRP-1L 1 — 20.94 — 39.37 — 20.00 — 38.25
RuC-AFRP-2L 2 — 32.40 — 60.01 — 32.50 59.29
RuC-AFRP-3L 3 — 39.87 70.02 — 40.00 — 69.05
(3) The analytical models that are currently applied to Data Availabi]ity

characterize the behaviour of confined regular con-
crete can be selectively applied to rubberized concrete.
Some of the readily available models give accurate
results while others are less suitable. However, there is
a starting point and the analytical models applied to
regular concrete could be changed to be more ap-
propriate for rubberized concrete. This, however, can
be achieved by further research in the field.

(4) The numerical investigations by means of FEM lead to
accurate results in terms of peak stress and ultimate
axial strain. The model fails to reproduce the initial
behaviour of short rubberized concrete columns and
overestimates the initial stiffness. This is caused by the
perfect bond assumption between the rubberized
concrete and the AFRP. Its effect is considered from
the very beginning in the numerical model while
during the experiments, it becomes evident from
higher values of the compressive stress.

The results obtained at this stage of the research are
encouraging from the point of view of the applicability of
rubberized concrete in structural elements.

The data are under copyright provisions and will be made
available on the FP7 project website https://ee.shef.ac.uk/
projects/anagennisi-O0.

Additional Points

Highlights. An experimental investigation of rubberized
concrete short columns confined with AFRP confinement is
presented. Replacement of 40% volume fraction of fine and
small coarse aggregates by rubber particles from discarded
tires diminishes the compressive strength. To compensate
the decrease of compressive strength, the confinement with
AFRP is utilized. Normalized axial compressive stress in-
creases up to 363% in case of confinement with 3 layers of
AFRP. The numerical simulation accurately predicts the
peak stress and the corresponding axial strain of unconfined
and confined rubberized concrete short columns.
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