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1 | INTRODUCTION
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Abstract

This article proposes a new constitutive model for the cyclic behavior of rub-
berized concrete confined with fiber-reinforced polymer (FRP) sheets. The
model is calibrated with experimental results from 18 confined rubberized con-
crete (CRuC) cylinders tested in cyclic compression. The cylinders had 60%
total aggregate volume replacement with recycled tyre rubber. Parameters
investigated include the type of confining material (Carbon or Aramid FRP)
and number of layers (two, three, or four). The results indicate that using FRP
confinement leads to a strong (up to 100 MPa) and highly deformable (axial
strains up to 7%) rubberized concrete that can be used in structural applica-
tions. The proposed constitutive model predicts accurately the material
response under cyclic loading and can thus be used for design/analysis of
highly deformable components made of FRP CRuC. This article contributes
toward the development of advanced constitutive models for FRP CRuC, thus
promoting the wider use of recycled materials in construction industry.

KEYWORDS

composite materials, cyclic model, FRP confinement, highly deformable concrete,
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rubber in concrete reduces the workability of the fresh
mix®® and reduces the compressive strength and stiffness

In recent years, numerous studies have examined the use
of end-of-life tyre rubber as mineral aggregate replace-
ment to produce rubberized concrete (RuC) composites.
The addition of rubber in concrete enables the construc-
tion of highly deformable structural components,'™ par-
ticularly when large volumes of rubber are used.*’
Nevertheless, the inclusion of high volumes of recycled

Discussion on this paper must be submitted within two months of the
print publication. The discussion will then be published in print, along
with the authors’ closure, if any, approximately nine months after the
print publication.

of RuC”® when compared to conventional concrete.
Recent research by Raffoul et al.'® has shown that the
fresh properties of RuC can be improved by optimizing
the concrete mix parameters, leading to RuC with high
rubber content (60% of the total aggregate volume) and
good workability, homogeneity, and cohesiveness. How-
ever, a significant reduction (up to 90%) in strength is
typically observed at such high rubber contents,'® thus
hindering the use of RuC in structural applications where
medium to high-strength concrete is used.

Recent studies have shown that externally bonded
fiber-reinforced polymer (FRP) or steel confinement can
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be used to produce high-strength confined rubberized con-
crete (CRuC).'*™** For example, Youssf et al.'* reported
compressive strengths of 112.5 MPa in RuC cylinders (20%
rubber replacing the sand volume) cast in preformed car-
bon FRP (CFRP) tubes. While the above use of confine-
ment somehow improved the strength of RuC, it had
marginal influence on the concrete deformability. Indeed,
the maximum axial strains (1.8%) reported by Youssf
et al.'”> were comparable to, or even lower, than those
achieved in conventional FRP-confined concrete.'® Duarte
et al.'"* reported a 50% increase in ductility by confining
RuC columns with cold-formed steel tubes, albeit observ-
ing a lower confinement effectiveness due to the lower
dilation angle of RuC. Although promising in terms of
strength enhancement, the limited increase in deforma-
tion capacity observed in previous studies can be attrib-
uted to the use of relatively low rubber contents (20%
rubber replacing sand volume'? or 15% rubber replacing
total aggregate volume'*), which in turn prevents the full
exploitation of the large lateral expansion capacity of rub-
ber aggregates. To address these shortcomings, Raffoul
et al.'” used Aramid FRP (AFRP) jackets to confine high
rubber content RuC cylinders (60% total aggregate volume
replacement) to significantly increase both their strength
and deformation capacity. Such highly deformable FRP
CRuC with compressive strengths greater than 70 MPa
and axial strains of around 5% can be used in numerous
structural applications where large deformability is
required, like in plastic hinges of buildings/bridges or base
isolators. Raffoul et al.'® also identified that FRP CRuC
cylinders with high rubber contents exhibit large initial
lateral strains that lead to early activation of the passive
confinement pressure, which in turn results in higher con-
finement effectiveness (with strength and strain enhance-
ment ratios of 11 and 45, respectively). Indeed, stress path
dependence of passively confined concrete and the effects
of concrete dilation characteristics on confine-
ment effectiveness have been documented in previous
literature.'>*° Raffoul et al.'® proposed an active confine-
ment constitutive model for FRP CRuC that employs an
incremental iterative procedure based on lateral-to-axial
strain compatibilities at given confinement ratios. While
such model predicts accurately the monotonic behavior of
AFRP/CFRP CRuC cylinders subject to axial load, practi-
cal design-oriented cyclic constitutive models for CRuC
are still needed to simplify the design of highly deformable
structures.

This study proposes a new design-oriented constitu-
tive model to predict the cyclic behavior of FRP CRuC.
To achieve this, the uniaxial compressive behavior of
FRP CRuC is initially investigated by testing cylinders
with high rubber contents (60% of the total aggregate vol-
ume) under cyclic load. The test results are examined in

detail to determine the main factors influencing FRP
CRuC behavior. The new cyclic model for FRP CRuC is
then proposed based on the experimental evidence,
and the main conclusions are briefly summarized. This
article contributes toward the development of advanced
constitutive models for highly deformable FRP-confined
rubberized concrete so as to promote the wider use of
recycled materials in the construction industry. This
study was part of the FP7 EU-funded project Anagennisi,
which aimed to develop high-value uses for all tyre com-
ponents in concrete.”!

2 | EXPERIMENTAL DATABASE
This study builds on the results of a previous experimen-
tal program by the authors'® that examined the influence
of FRP type (AFRP or CFRP) and confinement ratio
(two, three, or four layers of FRP) on the uniaxial com-
pressive behavior of CRuC. The study included 30 RuC
cylinders (100 mm diameter x 200 mm height) confined
with externally bonded FRP jackets and tested in mono-
tonic (12 cylinders) and cyclic (18 cylinders) uniaxial
compression (Figure 1). Both monotonic and cyclic load-
ing data were used in this study to develop the envelope
curve of the stress-strain behavior of FRP CRuC.

The RuC mix used in this study had a high rubber con-
tent that replaced 60% of the fine and coarse mineral
aggregates by volume and was developed in a previous
study following substantial research into the effects of

Laser
sensor

Aluminium

FIGURE 1 Typical test setup of CRuC cylinders subject to
uniaxial compression
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TABLE 1 Key test results from cyclic and monotonic tests on FRP CRuC cylinders
ID K; Jec (MPa) €cc (%) ecal (%) Jer (MPa) €cr (%) Jo (MPa) E.o (GPa)
2LA-C 119.0 38.7 (1.5) 3.71 (0.4) 1.46 (0.0) 12.2(0.6) 0.19 (0.02) 13.2(0.2) 9.3 (1.4)
2LA-M 42.3 (3.4) 4.19 (0.6) 1.68 (0.4) 8.4 (0.4) 0.11 (0.01) 11.5 (0.0) 11.1(0.5)
3LA-C 178.5 69.9 (0.3) 5.53 (0.5) 1.60 (0.3) 14.5 (3.8) 0.20 (0.06) 12.6 (0.7) 12.4 (2.5)
3LA-M 69.9 (5.2) 5.24 (0.4) 1.51 (0.2) 12.0 (1.1) 0.14 (0.03) 11.9 (0.4) 13.6 (1.5)
4LA-C 238.1 90.0 (0.2) 5.81 (0.5) 1.65 (0.1) 13.6 (2.3) 0.17 (0.01) 18.5 (2.7) 11.1 (3.1)
4LA-M 96.1 (7.5) 6.4 (1.0) 1.60 (0.3) 14.5(1.2) 0.25 (0.02) 14.6 (1.6) 8.4 (0.6)
2LC-C 183.6 33.9(2.2) 2.37 (0.4) 0.81 (0.1) 12.5 (1.1) 0.24 (0.08) 15.9 (1.4) 8.2 (1.8)
2LC-M 31.7 (2.7) 2.21(0.7) 0.68 (0.1) 11.3 (0.1) 0.17 (0.01) 16.5 (0.1) 10.4 (0.8)
3LC-C 275.5 42.7(12.3) 2.96 (0.9) 0.84 (0.3) 11.1 (2.5) 0.20 (0.06) 18.3(2.2) 9.2 (0.7)
3LC-M 48.8 (3.4) 2.56 (0.9) 0.80 (0.1) 16.0 (-) 0.29 (-) 17.3 (-) 7.0 (1.1)
41LC-C 367.3 58.0 (8.1) 3.51 (0.7) 0.73 (0.3) 14.0 (2.4) 0.22 (0.02) 17.8 (0.6) 9.1 (1.0)
4LC-M 62.7 (1.5) 3.66 (0.6) 0.83 (0.0) 15.4 (0.0) 0.24 (0.02) 16.0 (1.0) 9.6 (2.3)

Note: Numbers in brackets indicate the standard deviation calculated from tests on three samples for the cyclically loaded cylinders and two samples for the

monotonically loaded cylinders.
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FIGURE 2 Key parameters of cyclic behavior of FRP CRuC

plasticizers, particle packing, and other mix parameters on
the rheology and fresh and hardened mechanical proper-
ties of concrete with high rubber content.'” The signifi-
cance of achieving “ideal packing” in concrete using filler/
binder materials and plasticizers and their influence
on concrete properties has been well established in the lit-
erature.'”***° The concrete mix proportions were (kg/m>)
(i) 340 of Portland Limestone cement with 10-15% lime-
stone content (CEMII-52.5 N); (ii) 42.5 of silica fume;
(iii) 42.5 of pulverized fuel ash; (iv) 149 L of water (water
to binder ratio of 0.35); (v) 7.6 L of water reducing admix-
tures (2.5 L of plasticizer and 5.1 L of superplasticiser);
(vi) 400.4 of round river washed gravel (coarse aggregates,

TABLE 2 FRP composite properties and standard deviations
Fiber type f; (MPa) Ef(GPa) &5, (%) t-* (mm)
Carbon 2065(80)  225(12)  0.90(0.07) 0.185
Aramid 2430 (260) 122(16)  2.06 (0.11) 0.20

Note: Numbers in brackets indicate the standard deviation calculated from
tests on three samples.
3ty = dry fiber thickness of 1 layer.

sized 5-20 mm) and 328 of medium grade river washed
sand (fine aggregates, sized 0-5 mm); and (vii) 181.3 of
coarse rubber (sized 5-10 mm) and 148.5 of fine rubber
(sized 0-5 mm). A characterization of the rubber particles
used can be found in Reference 10. The optimized con-
crete mix presented adequate workability, good cohesion,
and limited segregation.'® Average slump and flow table
values were 40 mm and 410 mm, respectively. The 28-day
mechanical properties of three unconfined RuC cylinders
subjected to uniaxial compression were mean compressive
strength f,, = 7.6 MPa [standard deviation
(SD) = 1.3 MPa], mean strain at peak stress ., = 1350u¢
(SD = 200ue), and mean modulus of elasticity
E.o, = 10.3 GPa (SD = 1.8 GPa). Full details of the con-
crete mix development and concrete production procedure
can be found in Raffoul et al."

The cyclic tests comprised five unloading/reloading
cycles at increasing stress levels of 10 MPa, with the first
cycle performed at a rate of 0.5 mm/min and the four
subsequent cycles at 2 mm/min. During the tests, both
local and global axial and lateral strains were monitored
using strain gauges and laser distance sensors so as
to determine the full stress-strain behavior of CRuC
(Figure 1).
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Table 1 and Figure 2 summarize the key results
obtained from the cyclic tests, while Table 2 presents the
mechanical properties of the unidirectional FRP jackets,
as obtained from direct tensile coupon tests. The full
details of the database, test methodology, and results are
reported in 18. In Table 1 and Figure 2, Kj,, is the normal-
ized jacket stiffness [as defined in Equation (3)]; f is the
ultimate compressive strength of the cylinders; .. and e
are the ultimate axial and lateral strains, respectively; f,
and ¢, are the critical stress and critical strain, respectively;
fo is the intercept of the second (linear) part of the envelope
stress—strain curve with the y-axis; and E_.q is the initial
modulus of elasticity. The critical point (e, f.,) defines the
stress state coinciding with the activation of the confine-
ment and marks the end of the initial linear behavior. In
Table 1, the specimens are identified according to the num-
ber of confining layers (2 L, 3 L, or 4 L), the type of confin-
ing material (A = AFRP or C = CFRP), followed by a
hyphen then loading type (C = cyclic or M = monotonic).
For example, 3LA-C refers to cylinders wrapped with three
layers of AFRP and subjected to cyclic loading. The key
results listed in Table 1 are used to calibrate the cyclic
model presented in Section 4 of this article.

2.1 | Cyclic versus monotonic behavior
Figure 3a-f compares typical stress-strain curves of the
CRuC cylinders. In this figure, each plot includes the
envelope curves of two monotonic tests and three cyclic
tests for the same number of layers and type of confine-
ment. The plots also show the “average” stress—strain
curve of such monotonic and cyclic tests, as well as one
full cyclic curve of a typical cylinder. Axial (compressive)
and lateral (hoop tensile) strains are shown as positive
and negative, respectively. From the analysis of Figure 3,
it can be concluded that the loading regime had a negligi-
ble influence on the overall behavior of the specimens
and the values of ultimate axial and lateral strain
that could be mobilized for different confinement levels.
This is consistent with existing research on confined
conventional®”*® or rubberized concrete,'® where cyclic
envelope stress-strain curves were shown to follow the
stress—strain curves of monotonically loaded cylinders
with similar levels of confinement, and direct compari-
sons were made.

The initial stiffness (E.q) of the envelope curves of
CRuC up to the critical point (e, f;) is dominated by the
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linear elastic behavior of unconfined RuC. This initial
linear behavior is then followed by a nonlinear transition
zone and a second linear curve (gradient E_ ), the latter
being a function of the axial stiffness of the FRP jacket.
At this last stage, the RuC is progressively crushing, which
in turn increases the lateral expansion in the jacket.

All of the cylinders failed suddenly by rupture of the
FRP jacket at a measured maximum lateral strain e.q
that was typically lower (Table 1) than the mean ultimate
strains achieved in direct tensile (coupon) tests (see &g, in
Table 2). For instance, the AFRP CRuC cylinders failed
at e values of around 70%-80% of e, whereas CFRP
CRuC cylinders failed at . values between 65% and 95%
of ep. These observations are consistent with previous
research,”° and the premature failure of the FRP can
be attributed to (i) localized stress concentrations induced
by nonhomogeneous deformations in the concrete or
strain distribution in the FRP, (ii) FRP jacket curvature,
(iii) axial loading of the FRP jacket, and (iv) slight
misalignment of the fibers.

3 | ANEWCYCLIC MODEL FOR
FRP CRUC

Although the behavior of conventional FRP-confined
concrete has been extensively investigated and several
constitutive models exist,>!>* these models are unable to
predict the behavior of CRuC due to its significantly
higher strength and strain enhancement ratios, as well as
delayed cracking when compared to conventional con-
fined concrete.'"'”***> Based on the test results dis-
cussed in the previous section, the key parameters that
describe the uniaxial cyclic behavior of CRuC are identi-
fied in the following and a new model is proposed.

As shown in Figure 2, the cyclic axial stress—strain
behavior of FRP CRuC can be fully described by its enve-
lope (discontinuous line), and an unloading and reload-
ing curve for each cycle. These curves are defined by the
following parameters:

a. For the envelope: initial modulus of elasticity (E. ),
slope of the second gradient of the curve (E. ), inter-
section of the second linear branch of the curve with
the y-axis (fy), ultimate stress (f..) and strain (e..)
values, and critical point (e., fer)-

b. For each unloading curve: unloading point (e,,,i> fun.i)
and plastic residual strain (ep;;).

c. For each reloading curve: reloading secant modulus
(Erey), inflection point (e, finrs), Stress at previous
unloading strain (fhew,;), intersection of reloading curve
with the envelope (&, fr.), slope (E.;), and stress on
the envelope curve (fp;) at a strain corresponding to &i,s;.

JibL—

The following sections describe the above parameters
and provide the equations to determine their values.
It should be noted that the proposed model assumes that
the unloading-reloading cycles are performed at stress
levels beyond the initiation of unstable cracking (e, fer)-

3.1 | Constitutive equations for the
stress-strain envelope curve

Previous research showed that the high lateral expansion
of RuC activates the confinement provided by the FRP
jacket at lower axial stress levels than in conventional
FRP-confined concrete.'"® This, in turn, delays the initi-
ation of cracking in CRuC, leading to higher stress and
strain enhancement ratios.

Research has also shown that, similar to FRP or steel-
confined conventional concrete,>>*° the monotonic and
cyclic envelopes of stress-strain curves of FRP CRuC are
similar up to failure."® Therefore, the equations proposed
by the authors to describe the monotonic stress-strain
curves of FRP CRuC'® can be used to define the envelope
curve of identical confined cylinders subjected to cyclic
loading. Based on a regression analysis of test results from
monotonically and cyclically loaded cylinders (test data-
base described in Section 2'®), Equations (1)-(6) were pro-
posed to predict the ultimate stress and strain values of
FRP CRuC with different confinement stiffnesses Kj,,. The
critical stress (f,) and axial strain at critical stress (e.,) can
be determined using Equations (1) and (2), respectively.

fo=Fu(~65%10°K2 +58x107K;, +08) (1)
eor=—52x10"K} +52x 10 °K;,+0.0011  (2)

where the jacket stiffness is defined by Equation (3):

2ntr E
=P 3)
fL‘O

where f is an effectiveness factor that accounts for the
lower effectiveness of CFRP confinement (relative to its
jacket stiffness) when compared to AFRP confinement.

The ultimate stress (f,.) and the confinement ratio
(@) for AFRP and CFRP CRuC can be determined using
Equations (4) and (5), respectively, whereas the variation
in ultimate strain as a function of the strength enhance-
ment ratio is given by Equation (6). Full details on the
derivation of Equations (1)-(6) are reported in refer-
ence [18].

f oo =Fer(1.06,,+1.25) (4)
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Ece = Ecr (4.7 (fcc - 1.25) + 1.5) (6)
cr

Figure 4 compares the values of f../f., for AFRP and CFRP
CRuC as a function of the confinement ratio w,,. It is
shown that, for a given value of ,, (assuming = 1), the
CFRP CRuC cylinders have a lower strength enhancement
ratio than the AFRP CRuC cylinders, thus implying
that the CFRP CRuC specimens were less “effectively”
confined. This effect has been previously reported in
various studies.** ™ For instance, according to Dai et al.”’
in research on conventional confined concrete, a different
confinement effectiveness was observed for AFRP and
CFRP confinement, the latter of which was found to be
around 30% less effective. Lim and Ozbakkaloglu®® also
observed that FRP effectiveness decreased as the fiber elas-
tic modulus increased, while Teng et al® reported variations
in FRP effectiveness when comparing Glass FRP (GFRP)
and CFRP conventional concrete confinement. This effect is
attributed to differences in the physical and mechanical char-
acteristics of the confining sheets, which may result in
(i) different applied prestress during application due to differ-
ences in sheet flexibility; for example, the lower flexibility of
CFRP sheets may result in less tight wrapping and more air
voids; (ii) higher sheet transversal stiffness, leading to biaxial

8 ® AFRP experimental L4
0 CFRP experimental
m CFRP calibrated w, (=0.75) ° ®
——Equation (4) [
6 i °

0 L

w
w

FIGURE 4 Effectiveness of confinement for AFRP and CFRP
CRuC for different confinement ratios w,,

loading; (iii) fiber misalignment; and (iv) interlaminar stres-
ses at FRP overlap. Nevertheless, due to the limited amount
of research on AFRP-confined concrete, in general,**>"*
and on comparative studies for AFRP and CFRP confine-
ment, in particular,’**® a different confinement effectiveness
of CFRP and AFRP still remains a matter of further research.
Based on the results of a regression analysis performed on
the data obtained from this study, § was found to be 0.75 for
CFRP CRuC and 1.0 for AFRP CRuC. Figure 4 shows that
the predictions of Equation (4) match well the trend of both
AFRP CRuC and CFRP CRuC cylinders (the latter adjusted
by using 3 = 0.75 in Equation (5)).

The stress—strain model of the cyclic envelope curve
builds on the model proposed by Samaan et al.** and fur-
ther modified by Shao et al.** The envelope model by Shao
et al.>* was selected as it matches well the actual bilinear
stress—strain response of FRP-confined concrete as well as
its unique dilation properties. However, the model is mod-
ified to account for the different E.o, Ecp foo €cc and fo.
Accordingly, the model comprises an initial modulus of
elasticity, a nonlinear transition zone, and a second linear
slope. The stress-strain response is defined by

E.o — E.r)e
fo= (Beo — Eey)ec +Ecpéc (7)

ng 1/no
()

where n, is a shape parameter that defines the curvature
of the transition zone, and f; is the intercept of the sec-
ond linear branch of the curve with the y-axis (see
Figure 2).

The value of n, was found to be 1.5, and a similar
value was indicated by Shao et al.** for FRP-confined
conventional concrete. The adoption of a value ny = 1.5
is reasonable as the shape of the transition zone in FRP
CRuC is similar to that observed in FRP-confined con-
ventional concrete.”> Moreover, the changes due to
delayed cracking and the increased gradient in the sec-
ond part of the curve could be captured adequately by
the calibrated E, yand f, values.

The values of E. s and f, can be determined as a func-
tion of Kj, according to Equations (8) and (9), respec-
tively, which were derived by performing a regression
analysis on the experimental data:

Eey=—0.0095(K;n)” +6.85(K») (8)
fo=Fe (7354100 (Kjn)* +6910 (Kjn) +1)  (9)

Figure 5 compares the average experimental stress—strain
curves for the cylinders examined in this study (see
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FIGURE 5 Predictions vs. experimental envelope curves of CRuC cylinders confined with (a) AFRP and (b) CFRP jackets

Table 2) and the predictions from Equations (1)—(9). As it
can be seen, the proposed model approximates reason-
ably well the experimental stress-strain curves, albeit
with minor differences due to the difficulty of capturing
the variability in the data obtained from the two sets of
cylinders confined with AFRP or CFRP at different levels
of confinement. As shown in Figure 5a, the highest dis-
crepancy between the predicted and “average” test result
corresponds to cylinders with 4L. AFRP. Such variation is
not observed for the other specimens (e.g., 2LC, 3LC, 2LA)
where the predicted axial strains are very close to the aver-
age test results. While some experimental strains seem to
be much larger than the predicted strains, as a percentage,
the predictions are within the variability obtained from
the test data. For example, based on the standard deviation
shown in Table 1, it can be seen that the axial strain in cyl-
inders 4LA ranges between 5.3% and 7.4%. The predicted
strain for 4L AFRP is 5.6%, which is within the range.

3.2 |
strains

Plastic, unloading, and reloading

In line with previous studies,”****! the relationship between

the unloading (e,,;) and plastic (g,,;) strains for the CRuC
specimens examined in this study was not found to be
significantly affected by the type of confining material or
number of confining layers (Figure 6), and it can be approxi-
mated well by the linear model in Equation (10):
epli =4+ (0.095¢,,; — 0.0001), for £4n; > €cr (10)
Figure 7 presents the relationship between the reloading
strain (e.;) and unloading strain (e,,;). The reloading

x10%

............ Equation (10)

/’"‘l

R?=0.976

2A

3A

4A

o 2C A

o 3C

¢ 4C

5 6 7
x10%

FIGURE 6 Relationship between plastic and unloading strains
of tested cylinders

strain, &,; was determined as the intersection of the
reloading curve of the fifth and final cycle in each set of
cycles with the envelope curve. The experimental results
indicate that ¢, ; also increases linearly with ¢,,; of the
corresponding cycle. Accordingly, €,; can be predicted
for e,,; > €. using Equation (11). The value ¢,,; can then
be used to determine the reloading stress (f,.;) using the
stress—strain envelope defined by Equation (7).

re; = 1.06€y,; +0.002, forey,;> ecr (11)
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FIGURE 7 Relationship between reloading and unloading

strains of tested cylinders

3.3 | Unloading curve
The unloading curve is defined by (a) the unloading
strain and stress on the envelope curve, i.e., point (e,
fun,)) in Figure 2 and (b) the residual plastic strain (e,,;) at
zero stress, i.e., point (gy; 0). Figure 8 shows typical
unloading curves for cylinders confined with four layers
of AFRP/CFRP. With the exception of unloading cycles
that were performed before reaching the critical stress,
the unloading curves are nonlinear and are characterized
by an initial stiffness that increases with increasing
unloading strains (g, ;). This is consistent with previous
findings®>**** and indicates the accumulation of non-
recoverable damage in the concrete. Indeed, the presence
of rubber particles and the large strains developed in
CRuC (>5%"®) lead to complex damage accumulation
effects, which are difficult to capture by conventional
confinement models.

The polynomial function proposed by Shao et a
(Equation 12) was adopted to model the unloading curves
of the CRuC cylinders presented in this study.

1.32

o Q —x)" '
fc - (1 +kx)n,m,i fun,i (12)

where

x— Ec — Eun,i (13)
Epli — Eun,i

and ny,; m, and k are empirically calibrated shape
parameters.

The optimal values of n,,; m, and k for each set of
unloading curves were found by implementing a single-
objective genetic algorithm,* which aimed at minimizing
the difference in area under the experimental and pre-
dicted curves. Based on this optimization, a value of
1 was found suitable for both m and k. To account for the
effect of the increasing cyclic stress level on the curvature
of the unloading curve, the value n,,; was set to vary
with the change in the envelope ¢,,; as shown in
Equation (14).

Nyn,i = 16(€un,i)0‘5 (14)

Figure 8 shows the experimental unloading curves
obtained for CRuC cylinders confined with four layers of
AFRP and CFRP, along with the analytical curves pre-
dicted using Equation (12) and the estimated values of
epi and n,,; according to Equations (10) and (14),
respectively. It is evident that the adopted model approxi-
mates well the test results over the entire load history.

3.4 | Cyclic stress and stiffness
degradation

The stress degradation (fyew,i/fun:) Of the cylinders after a
cycle performed at a given stress level (f,,, ;), which is cal-
culated as the ratio of the stress at the preceding unload-
ing strain (g, ;) achieved upon reloading (f,ew,;) and the
preceding unloading stress (f,,,,.;), is shown in Figure 9.

As evident in Figure 9, the application of cyclic load-
ing has a minor effect on stress degradation, regardless of
the number of confining layers and type of FRP material.
In general, while a rapid degradation is observed follow-
ing load cycles performed at low strain levels (up to
€un; = 0.01), the maximum mean cyclic stress degrada-
tion is only about 8% (fhew.i/fun; = 0.92). A slight increase
in the ratio fyew.i/fun; Was observed in some tests at very
large unloading strains (e,,; > 0.03). This can be attrib-
uted to the increased material packing at higher stress
and confinement levels, which in turn increases the
amount of stress being transferred between the aggre-
gates through direct bearing. Further research is needed
to capture this phenomenon and to understand the
effect of confining material, loading history (e.g., cyclic
fatigue) as well as partial unloading/reloading on stress
degradation.
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Based on the level of damage achieved in the specimens
(reflected in €,,;), and similar to previous work by Lam
and Teng®® and Yu et al.,*® the cyclic stress degradation can
be reasonably approximated by the bilinear relationship
shown in Figure 9 and described by Equation (15):

(15)

fnew,i _ 1-—- S(Sun,i) fOV eun,i <0.01
funi 1092 for eun; > 0.01

Figure 10 shows the evolution of stiffness degradation
(Erei/Ecp) at increasing &,,; for both AFRP and CFRP

CRuC specimens. The stiffness of each reloading curve
(Er;) is taken as the secant stiffness at the point (e, ;,
fnew.;) shown in Figure 2.

All specimens exhibit a significant stiffness degrada-
tion up to ¢,,; = 0.01, after which the rate of degradation
decreases substantially and stabilizes at around 20% of
the initial stiffness of the cylinder (E.p). The type and
number of FRP layers seem to have negligible influence
on the stiffness degradation, which was mainly controlled
by the axial strain imposed on the cylinders (e, ;). Based
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on the results of a regression analysis performed on the
data shown in Figure 10, the stiffness degradation after a
cycle performed at a stress level corresponding to &,,;
can be estimated using Equation 16 (where ¢,,; is in
microstrain).

0.4
1
Epi=13.8-Ec <> (16)

Eun,i

3.5 | Reloading curve

While a linear relationship has been shown to adequately
model the reloading curves of FRP-confined conventional
concrete,*>*® CRuC exhibits a highly nonlinear behavior,
particularly at high strain levels (Figure 3). The reloading
curves are characterized by a soft initial part, which
stiffens at increasing strain levels (strain stiffening), fol-
lowed by a strain hardening phase. The initial strain stiff-
ening behavior of the reloading curve can be attributed to
the closure of cracks (which are wider at higher strain
levels®?) and to the mechanical properties of the rubber
particles.*’

The strain (ej,¢;) and corresponding stress (fine;) values
of the point at which the behavior changes from strain
stiffening to hardening (inflection point) were found to
increase linearly with ¢,,,;, as shown in Figure 11a-b.

Based on a regression analysis of the data in
Figure 1la-b, the coordinates of the inflection point
(&int.i» fint,) can be calculated using Equations 17 and 18.

Einfi=0.94ey,; —5.2x107*,  forey,; > o (17)

finf,i =1040¢y; + 7.6, forey,;> €cor (18)

The models proposed to describe the strain stiffening
phase (from (&,;:,0) t0 (&int, fing,)) and the strain harden-
ing phase (from (&int, finti) tO (€reis fre,)) are presented in
the following sections.

3.5.1 | Reloading stage 1: Strain stiffening

The strain stiffening (stage 1) of the reloading curve
was found to be accurately modeled by the polynomial
function proposed by Shao et al.** but with different
boundary conditions for f. and x so as to limit its domain

t0 (€inti> finti):

(1—x)"
fe :W'finf,i (19)
= Ec — Einf i (20)
Epli — €inf,i

The shape parameters (m, n,;, and k) in Equations (19)
and (20) were calibrated using a single-objective genetic
algorithm, and both m and k were found to be equal to
1. As discussed in Section 3.3, the same values of m and
k were also found suitable to describe the unloading path.
The parameter n,,; was found to be a function of the enve-
lope ¢,,,; and can be defined as shown in Equation (21).

Pyej = 55(5un,i)1.3 (21)
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3.5.2 | Reloading stage 2: Strain hardening
The strain hardening phase of the reloading path (stage
2) can be described by the same parabolic function
defined by Equation (7) but using parameters that are
cycle-dependent (Equation 22):

_ (Ec,i - Ecj) & +Eepec

i71/no;
|:1+((Eﬂvl;qu)€c)n0v:| 1o

where E,_; is the initial elastic modulus of the second part
of the reloading curve, as estimated by the slope (df./de.)
of the stiffening curve at (&ing;, finr;) and Equation (23);
fo.; is the intersection point of a vertical line at (&jn;, fint.:)
with the envelope curve; and ng; is the curvature of the
transition zone between (e,y,;, fnew,) and (e, frei)- The
intersection of the reloading curve with the envelope
(&reis fre) Was determined through a regression analysis
of the experimental data. E,; which denotes the slope of
the linear portion of the envelope curve, can be deter-
mined as a function of the confining stiffness using
Equation (8).

(22)

c

(23)

Based on a regression analysis of the experimental data,
foi and ny; can be estimated using Equations (24) and
(25), respectively.

foi=0.25(Kjn)€uni+8.1 (24)
100 T T
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©
(a1
=
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FIGURE 12
(a) AFRP and (b) CFRP sheets

fib L x

Mo, = 2132(eun ) — 255€4n, + 8.5 (25)
where all the variables are as defined before.

Figure 12a,b shows the full experimental reloading
path for cylinders confined with four layers of AFRP or
CFRP, respectively, along with the stress—strain behavior
predicted through the implementation of the proposed
model (Equations (1)-(25)). As can be seen, the proposed
relationships are able to capture accurately the experi-
mental response of the tested specimens over the entire
load history.

4 | MODEL PREDICTION
Figure 13a-f compares the analytical predictions obtained
from the implementation of the model developed above
(Equations (1) to (25)) with a typical experimental
response of cylinders confined with two, three, or four
layers of AFRP or CFRP over the entire loading history.
Overall, the proposed model captures reasonably well
the experimental data and provides reliable estimates of
the effect of subsequent load cycles on the degradation
of the mechanical properties of CRuC. The discrepan-
cies between the experimental and predicted curves
observed in CRuC confined with two layers of AFRP
(Figure 13a) can be attributed to the difficulty of fully
capturing the variability associated with the use of
different confining configurations and materials with a
single unified model.

It should be noted that the proposed model is applica-
ble to high rubber volumetric ratios, such as those used
in this study (i.e., replacing 60% of the total aggregate

100 T T
4c (b)
90 .
80+
70+

60

50 -

f (MPa)

Prediction

4 6
x10%

Comparison between test results and predictions of reloading curves for RuC specimens confined with four layers of
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content), as the volumetric ratio of rubber can affect
concrete dilation characteristics and the initiation of
micro-cracks.'® It must also be noted that, to date,
research on FRP CRuC with high rubber contents is not
available in the literature and therefore the model has
only been validated against a small dataset of experi-
mental results. Future research should assess the valid-
ity of the model using other experimental datasets
(when available) and extend the applicability of the
model to other rubber contents and confining materials
(e.g., Glass and/or Basalt FRP). Other parameters to
investigate include the effect of concrete strength
and mix proportions, rubber properties, particle size dis-
tribution, and specimen size. Further work is also
needed to assess the accuracy of the model when
different load protocols are used (e.g., cyclic fatigue, partial
unloading/reloading). Finally, further research also needs
to evaluate other models in the literature®*>"*>*%4 to
extend the work in this study and previous research'®
so as to develop versatile analytical-oriented cons-
titutive models (with lateral-to-axial strain relation-
ships) defining the full cyclic constitutive response of
FRP CRuC.

5 | CONCLUSIONS

This study proposed a new design-oriented constitutive
model to predict the cyclic behavior of rubberized con-
crete cylinders confined with FRP sheets. The model
was calibrated using test results from 18 confined rub-
berized concrete (CRuC) cylinders with high volume of
tyre rubber (60% total aggregate replacement) subjected
to cyclic uniaxial compressive loading. The parameters
investigated included (i) type of confining material
(AFRP or CFRP sheets) and (ii) number of FRP layers
(two, three, or four layers). Based on the test results and
analyses presented in this study, the following conclu-
sions are drawn:

1. The envelope stress—strain response of cyclically loaded
CRuC cylinders can be described adequately by a bilin-
ear equation previously proposed for conventional
FRP-confined concrete, accounting for the unique
properties of CRuC, such as higher confinement effec-
tiveness and earlier activation of the FRP confinement.

2. The nonlinear unloading stress-strain relationship
can be modeled accurately by calibrating the
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predictive equation by Shao et al.** and by expressing
the shape parameter (n,,;) as a function of the
unloading strain (&)

3. The reloading curve is characterized by an initial
strain stiffening phase followed by a strain hardening
phase. The proposed model captures both stages of
the reloading curve through the use of cycle-
dependent parameters over the entire load history.

4. The proposed cyclic model predicts the behavior of
AFRP/CFRP CRuC with reasonable accuracy. However,
future research should investigate the validity of the
model against experimental data of CRuC with different
rubber contents and different types and levels of
confinement, once such data are available.
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NOMENCLATURE

D cylinder diameter

E.o  concrete initial modulus of elasticity

E.;  gradient of the linear portion of the envelope
curve (i.e., after the critical point)

E; tensile modulus of elasticity of the FRP fibers

E.; initial gradient of the softening part of each
reloading curve

E,.; reloading secant modulus

K;n normalized confining stiffness

n number of FRP confining layers

ng shape parameter that defines the curvature of the
transition zone in the envelope curve
No.i shape parameter that defines the curvature of the

softening part of the reloading curve
n.;  shape parameter that defines the curvature of the
hardening part of the reloading curve
shape parameter that defines the curvature of the
unloading curve

Nyn,i

fib L

fo intercept of the second (linear) part of the enve-
lope curve with the y-axis

Jo.i intercept of the vertical at (¢j,g, fine) With the enve-
lope curve for each reloading curve

fe axial compressive stress in confined or uncon-
fined concrete

fec compressive strength of confined concrete

feo unconfined concrete compressive strength

fer critical stress

Ir tensile strength of the FRP coupon

fint;  axial compressive stress at the inflection point of
each reloading curve

foew; reloading stress at e,,; of the corresponding
cycle

Jrei axial stress upon intersection of reloading curve
with the envelope

Sun.i axial stress at unloading

te dry fiber thickness of FRP sheet

p confinement effectiveness factor

€ axial compressive strain in confined or uncon-
fined concrete

Ece confined concrete ultimate axial strain

Eccl confined concrete ultimate hoop strain

£co axial strain at peak stress in unconfined confined

Ecr axial strain at critical stress

einf;  axial compressive strain at the inflection point of
each reloading curve

£fu ultimate elongation of FRP coupons (in direct
tension)

gp;  residual plastic strain upon full unloading

Erei axial strain upon intersection of each reloading

curve with the envelope
€un;  axial strain at unloading

Wy mechanical volumetric confinement ratio
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