Construction and Building Materials 366 (2023) 130234

Contents lists available at ScienceDirect

onstruction
and Building

MATERIALS

Construction and Building Materials

FI. SEVIER

journal homepage: www.elsevier.com/locate/conbuildmat

Check for

FRP-confined rubber concrete with effect of strain rate: Tests and  Spdies
analysis-oriented stress—strain model

Yugui Cao *™¢, Guoxu Zhao®, Muyu Liu®, Qingping Jin“, Zhong Tao ¢, Cheng Jiang >

@ Hubei Key Laboratory of Roadway Bridge and Structure Engineering, Wuhan University of Technology, Wuhan 430070, China

b Key Laboratory of Concrete and Pre-stressed Concrete Structures of the Ministry of Education, Southeast University, Nanjing 210096, China
¢ Sanya Science and Education Innovation Park of Wuhan University of Technology, Sanya 572024, China

4 School of Civil Engineering and Architecture, Wuhan University of Science and Technology, Wuhan 430065, China

€ Centre for Infrastructure Engineering, Western Sydney University, Penrith, NSW 2751, Australia

ARTICLE INFO ABSTRACT

Keywords:

FRP-confined rubber concrete
Strain rate

Lateral strain-axial strain model
Peak strength model
Stress—strain model

Rubber concrete is attracting more and more investigations and applications in recent years, due to its envi-
ronmental advantages and lightweight performance. As the replacement by rubber particles can reduce the
concrete strength, an efficient and lightweight solution for strengthening and repairing rubber concrete is to
apply fiber-reinforced polymer (FRP) confinement. This paper is the first to consider the influence of strain rate
on the stress—strain relationship of rubber concrete with FRP confinement. To develop a stress—strain model of
FRP-confined rubber concrete under different strain rates, an experimental program with 36 FRP-confined
concrete specimens was conducted in this work. In the experiments, rubber particles were used to replace
0-30 % fine aggregates by volume. Strain rates of 3.3 x 10°/s, 3.3 x 10™/s, and 3.3 x 10°/s were used to
simulate three different strain rate levels of quasi-static loading, fast loading, and seismic loading, respectively.
The experimental results showed that the compressive strength of FRP confined rubber concrete obviously
increased with the strain rate increases, and decreased with an increasing rubber replacement ratio. Based on the
experimental results, this paper proposed analytical models to predict the lateral strain-axial strain relationship,
peak strength, and peak strain for FRP confined rubber concrete considering the strain rate influence. Finally, an
analysis-oriented stress-strain model of FRP confined rubber concrete under different strain rates was estab-
lished. The predicted results of the analysis-oriented stress-strain model showed good agreement with the
experimental data.

1. Introduction quasi-static loading state.

The concept of FRP confined rubber concrete is attracting increasing

Rubber concrete is a novel type of concrete material, which uses
waste tires as aggregate replacement in concrete. Rubber concrete has
been widely investigated because of its good toughness, light-weight,
energy dissipation, anti-impact performance, and durability. However,
due to its low compressive strength and elastic modulus, rubber concrete
is currently being used only for non-structural components of bridges
and building structures. This greatly limits the wide application of
rubber concrete in civil engineering [1-3]. Meanwhile, it is well known
that wrapping fiber-reinforced polymers (FRPs) can significantly
improve the mechanical behavior of normal concrete [4-12] and rubber
concrete [13-15]. However, existing experimental and theoretical
studies of FRP-confined rubber concrete were mainly conducted under a
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research interest. Chan et al. [15] experimentally studied the compres-
sive strength of FRP confined rubber concrete. The test results showed
that a compressive strength model proposed for FRP confined normal
concrete could not accurately predict the compressive strength of FRP
confined rubber concrete. Li et al. [16] investigated the mechanical
behavior of FRP tube-encased waste tire rubber-modified concrete cyl-
inders. Their experimental results showed that FRP could significantly
improve the bearing capacity of rubber concrete, and existing
compressive strength and ultimate strain models of FRP-confined ordi-
nary concrete were not suitable for FRP-confined rubber concrete.
Bompa et al. [17] experimentally studied the effect of the rubber volume
content and type on the mechanical properties of FRP confined rubber
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concrete under quasi-static loading and developed a stress—strain model.
Cao et al. [18] showed that an FRP-confined concrete model could not
accurately predict the stress-strain relationship of FRP-confined rubber
concrete under cyclic axial loading, and they developed a cyclic
stress-strain model for FRP-confined rubber concrete using the test data.
Through a series of experiments, Youssf et al. [13,19-21] found that the
confinement stress of FRP could effectively compensate for the decrease
in compressive strength of rubber concrete and retained the character-
istics of good ductility and seismic performance of rubber concrete.

The existing literature shows that FRP confined normal concrete is
strain rate-sensitive [22-25]. In addition, Moustafa and ElGawady [26]
found that FRP confined rubber concrete, where both fine and coarse
aggregates were replaced by rubber, is also sensitive to strain rate. The
compressive strength and ductility of FRP confined rubber concrete
significantly increase with increasing strain rate. For the 3 layers of
GFRP confined rubber concrete with a 20 % rubber replacement ratio,
the increase in the strain rate from 2.8 x 10~>/s to 2.8 x 10 2/s resulted
in increases in compressive strength up to 20 %. However, to the best of
our knowledge, no stress-strain models have been proposed for FRP
confined rubber concrete under different strain rates.

To address this research gap, this paper aims to gain a better un-
derstanding on the compressive behavior of FRP confined rubber con-
crete, by proposing a new stress—strain model considering the strain rate
effect. Both experimental testing and analytical model were carried out.
In this paper, an experiment program with 36 column specimens was
conducted under different strain rates. Based on the test data, analytical
models were developed to predict the lateral strain-axial strain relation,
peak stress, and peak strain of FRP-confined rubber concrete. Further-
more, an analysis-oriented stress—strain model was also developed. With
the proposed models, more accurate results of the mechanical behavior
of FRP confined rubber concrete under compression will be obtained
when analyzing and designing. It is expected that the rubber concrete
will be adopted more widely benefitting from the proposed models in
this paper.

2. Experimental program
2.1. Experimental design

In total, 36 specimens were prepared to study FRP confined rubber
concrete under different strain rates. The size of all cylindrical speci-
mens was 150 mm in diameter and 300 mm in height, which is widely
used in studying FRP confined concrete [27-29]. Considering to avoid
high strength loss, the reasonable rubber volume replacement ratio
varied from 0 to 30 % in this study. The variable parameters in the test
were the rubber volume replacement ratio (0 %, 20 %, and 30 %), strain
rates (3.3 x 107°/s, 3.3 x 10'4/5, and 3.3 x 10’3/5), and the number of
carbon FRP (CFRP) layers (1 and 2 layers). The details of both confined
and unconfined specimens are summarized in Table 1, where RO, R20,
and R30 in the specimen labels represent rubber volume replacement
ratios of 0 %, 20 %, and 30 %, respectively; L1 and L2 denote the 1-layer
and 2-layer FRPs, respectively. S1, S2, and S3 are strain rates of 3.3 x 10
5/s, 3.3 x 10/, and 3.3 x 103/s, which are used to simulate quasi-
static loading, fast loading, and seismic loading, respectively [30], as
shown in Fig. 1. The last letter A or B represents the first or second batch,
respectively.

2.2. Material properties and concrete mix

The material properties of FRP are obtained by using the flat coupon
test under different strain rates. Existing studies show that when the
strain rate is lower than 3.3 x 1073/s, it does not obviously affect the
material properties of FRP [23]. To further verify this, flat coupon tests
were conducted under two strain rates of 3.3 x 10°/s and 3.3 x 103/s.
The measured material properties of FRP are listed in Table 2, which
proved that the strain rate has a negligible influence on the material
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Table 1

Detail of the specimens.
Specimen Ry feo OF fre £co OF Strain rate  fr Ereu
D %)  (MPa) e 1/s) (MPa)
ROL1S1A 0 25.4 0.002 3.3 x10° 51.0 0.0205
ROL1S1B 0 24.0 0.002 3.3 x 10 54.3 0.0249
ROL1S2A 0 25.4 0.002 3.3 x 10" 52.3 0.0216
ROL1S2B 0 24.0 0.002 3.3 x 10™* 49.8 0.0158
ROL1S3A 0 25.4 0.002 3.3 x 103 52.7 0.0200
ROL1S3B 0 24.0 0.002 3.3 x10° 53.0 0.0197
R20L1S1A 20 21.0 0.0021 3.3 x 10 40.7 0.0290
R20L1S1B 20 20.8 0.002 3.3 x 10° 46.8 0.0239
R20L1S2A 20 21.0 0.0021 3.3 x 10 41.4 0.0213
R20L1S2B 20 20.8 0.002 3.3 x 10 44.9 0.0215
R20L1S3A 20 21.0 0.0021 3.3 x 102 46.2 0.0255
R20L1S3B 20 20.8 0.002 3.3 x 102 45.7 0.0196
R30L1S1A 30 18.3 0.0026 3.3 x 10 39.5 0.0267
R30L1S1B 30 17.9 0.0022 3.3 x10° 39.3 0.0250
R30L1S2A 30 18.3 0.0026 3.3 x 10 41.8 0.0218
R30L1S2B 30 17.9 0.0022 3.3 x 10" 39.3 0.0196
R30L1S3A 30 18.3 0.0026 3.3 x 10 41.4 0.0214
R30L1S3B 30 17.9 0.0022 3.3 x 103 40.7 0.0200
ROL2S1A 0 25.4 0.002 3.3 x 10 81.0 0.0392
ROL2S1B 0 24.0 0.002 3.3 x10° 76.6 0.0357
ROL2S2A 0 25.4 0.002 3.3 x 10 80.6 0.0386
ROL2S2B 0 24.0 0.002 3.3 x 10 76.9 0.0374
ROL2S3A 0 25.4 0.002 3.3 x 10 82.2 0.0322
ROL2S3B 0 24.0 0.002 3.3 x 10 78.4 0.0317
R20L2S1A 20 21.0 0.0021 3.3 x 10° 60.6 0.0365
R20L2S1B 20 20.8 0.002 3.3 x 10 68.6 0.0398
R20L2S2A 20 21.0 0.0021 3.3 x10™* 59.9 0.0380
R20L2S2B 20 20.8 0.002 3.3 x 10 63.7 0.0302
R20L2S3A 20 21.0 0.0021 3.3 x 103 71.7 0.0323
R20L2S3B 20 20.8 0.002 3.3 x10° 58.5 0.0241
R30L2S1A 30 18.3 0.0026 3.3 x10° 63.3 0.0419
R30L2S1B 30 17.9 0.0022 3.3 x 107 61.1 0.0409
R30L2S2A 30 18.3 0.0026 3.3 x 10" - -
R30L2S2B 30 17.9 0.0022 3.3 x 10 64.6 0.0379
R30L2S3A 30 18.3 0.0026 3.3 x 103 54.0 0.0346
R30L2S3B 30 17.9 0.0022 3.3 x10° 63.3 0.0381

Note: Ryis the ratio of the rubber content. f, and f,. are the compressive strength
of normal concrete and rubber concrete, respectively;e,, and ¢, are the peak
strain of normal concrete and rubber concrete, respectively. fr, and &, are the
ultimate stress and strain of FRP confined rubber concrete, respectively. Due to
operating errors, the experimental stress—strain curve of specimen R30L2S2A
was not collected.

Static state Earthquake Impact  Blast
Il \

i 1 i 1 I—I—I /_I_I
I | I I | I I I I |

10° 10° 10* 10° 102 100 1 10 10> 10° (1/s)

Fig. 1. Strain rates under different kinds of loads [30].

Table 2
Material properties of FRP.
Strain rate  Thickness (mm)  Tensile Ultimate Elastic
(1/s) strength strain modulus
(MPa) (%) (GPa)
Test Avg Test Avg Test Avg
3.3 x 10 0.167 3939 3952 1.78 1.78 220.4 221
3.3 x 103 0.167 3964 1.78 221.5

Note: “Test” denotes test value; “Avg” indicates the average value.

properties of FRP when the strain rate is in the range of 3.3 x 10°/s —
3.3 x 103/s.

Normal concrete without rubber particles was prepared according to
the specification for the mix proportion design of ordinary concrete
[31]. In this study, river sands with a size of 0-5 mm were used as the
fine aggregate, and their density was 2703 kg/m>. Then, rubber concrete



Y. Cao et al.

was made by partially replacing fine aggregate in concrete with a spe-
cific volume percentage of rubber particles. Waste rubber tire particles
with a diameter of 1-3 mm were selected, and their density was 1119
kg/m®. The cumulative remainder percentages for fine aggregates in the
present study can be found in Fig. 2. The mix proportions of concrete
with different amounts of rubber particles are listed in Table 3. It is
known that the water absorption of aggregate can influence the me-
chanical properties of concrete. However, the rubber contents in this
paper were small. Therefore, the influence of the water absorption
change due to the aggregate replacement was ignored in this work.

2.3. Test setup and test program

A hydraulic servo loading device with a load capacity of 3000 kN was
adopted to apply the axial load. The applied load was recorded by a load
sensor placed beneath the specimen. The axial displacement was
measured by four linear variable differential transformers (LVDTs),
which were fixed at the middle part of the specimen, as shown in Fig. 3.
To verify the measurement accuracy of the LVDTs, two strain gauges
were attached vertically at the mid-height of the specimen. The lateral
strain of the specimen was measured by two strain gauges, which were
also attached to the specimen at the mid-height, as shown in Fig. 3. The
locations of all strain gauges are also shown in Fig. 3. During the loading
process, all test data were automatically collected by the data acquisi-
tion instrument.

3. Test results and discussion
3.1. Typical failure mode

The typical failure modes of FRP confined normal concrete and FRP
confined rubber concrete under different strain rates are shown in Fig. 4.
The specimens failed because the FRP sheet ruptured in the lateral di-
rection, and the damage zone is mainly located at the mid-height of the
specimen. The specimens tested at a loading rate of 3.3 x 10°/s have an
obviously larger damage zone than those tested at a lower loading rate
of 3.3 x 10°/s. However, there is no significant difference in failure
severity of the specimens with different loading rates of 3.3 x 10™/s and
3.3 x 10°/s. At identical strain rates, the rubber content (0-30 %) has
no significant effect on the failure severity of the specimen. This
conclusion is consistent with the findings reported in a previous study
[15]. The two-layer FRP-confined concrete specimens have more severe
damage than the one-layer FRP-confined concrete specimens, which
shows increased brittleness for specimens with an increased number of
FRP layers.

100
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&2 807 —~—Crumb rubber
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=

3 60+
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2 0]
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Fig. 2. Particle size distribution of fine aggregates.
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Table 3
Mix proportions of concrete.

Mix Ry w/ Mix proportions (kg/m>)

code (%) C Cement  Fine Coarse Water  Rubber
aggregate aggregate

RO 0 0.54 350 680 1180 190 0

R20 20 0.54 350 544 1180 190 56

R30 30 0.54 350 476 1180 190 84

3.2. Axial stress-axial strain curves

Fig. 5 shows the axial stress-axial strain curves of FRP-confined
rubber concrete under different strain rates. The axial stress is ob-
tained by dividing the axial load by the cross-sectional area of the
specimen, and the axial strain value is obtained from LVDT measure-
ment. In this test, the capacity of the applied strain gauges was 0.02.
When the axial strain value of the specimen exceeded 0.02, the test data
measured by the strain gauge is inaccurate. Therefore, the axial strain of
the specimen was measured by LVDTs to obtain global and reliable re-
sults in analysis. As can be seen in Fig. 5, the FRP-confined rubber
concrete has an identical stress—strain curve shape to the FRP-confined
normal concrete. When the strain rate increases, the stress—strain
curves show a trend of strain hardening. Fig. 5(a) shows that the ulti-
mate stress of specimens has an increasing trend with the strain rate
increases. However, the ultimate strain decreases when the strain rate
increases. This phenomenon also occurs in the studies of FRP-confined
normal concrete [23]. The reason may be that the development of
microcracks in the rubber concrete is delayed in the case of a higher
strain rate [26]. From Fig. 5(b), it can be found that the compressive
strength of the specimens with the same strain rates and FRP layer has a
decreasing trend when the rubber replacement ratio increases. The
reason is that the increase in rubber replacement ratio decreases the
compressive strength of rubber concrete. However, the strain rate has an
insignificant effect on the ultimate strain of specimens. Fig. 5 also shows
that the strain rate and rubber replacement ratio have significant effects
on the elastic modulus (or initial stiffness of axial stress—strain rela-
tionship). The elastic modulus value increases with the increasing strain
rate, whereas decreases with the increasing rubber replacement ratio.
These conclusions are identical to other existing studies [15,32].

3.3. Lateral strain-axial strain response

The lateral strain-axial strain curves of FRP-confined rubber concrete
under different strain rates are shown in Fig. 6. The axial strain is ob-
tained from the average value of the four LVDTs, while the lateral strain
is obtained from the measurement of the two lateral strain gauges. Fig. 6
(a) shows that the lateral strain (absolute value) is lower for the speci-
mens with a greater rubber replacement ratio. When the axial strain is
0.02, the average lateral strains for RO specimens, R20 specimens, and
R30 specimens are 1.44 %, 1.20 %, and 1.16 %, respectively. The reason
may be that specimens with higher rubber replacement ratios have
relatively low strength, which leads to relatively greater confinement
ratios [15]. Fig. 6(b) shows that the slope value (absolute value) of the
axial strain-lateral strain curve gradually increases when the strain rate
increases. In other words, at identical axial strains, a greater strain rate
corresponds to a larger lateral strain and consequently a greater lateral
confinement pressure provided by the FRP. This phenomenon can
explain the gradual increase in compressive strength of FRP-confined
concrete with increasing strain rate. A similar observation was re-
ported by Cao et al. [23].
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Fig. 4. Failure modes of the first batch specimens (a) Effect of strain rate (b) Effect of rubber replacement ratio.

4. Analytic stress—strain model
4.1. General description

There are many stress-strain models for FRP-confined concrete
[14,33-40]. Almost all relevant analysis-oriented stress—strain models
[40,41] are proposed by modifying the model of unconfined concrete
[42], as shown in Egs. (1)-(3),

£ SeewXT

= 1
r—1+4x @

where

£

@

X =

Eccm

ECO
E., _ Lo

Ecem

3

r=

where ¢ is the axial strain of the concrete; E, is the elastic modulus of
the concrete; f.,, and e, are the peak stress and peak strain under a
certain constant confining stress, respectively.

In Egs. (1)-(3), two key parameters (fi,w and &) must be deter-
mined. However, according to the existing literature [41], the values of
feew and eccy are related to the lateral strain of the FRP. Therefore, the
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Fig. 5. The typical stress-strain curves of specimens.
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Fig. 6. The typical axial strain-lateral strain curves.

lateral strain-axial strain relationship also needs to be determined. The
calculation process of those parameters is discussed as follows.

4.2. Lateral strain-axial strain model

Various existing lateral strain-axial strain models of FRP-confined
concrete [35,43-45] were developed based on the model proposed by
Teng et al. [37], as shown in Eq. (4). Therefore, Teng et al.’s model [37]
was evaluated using the FRP-confined normal concrete data obtained in
this test program, and the evaluation result is shown in Fig. 7.

) N\ 707 )
&"_0‘85(1+86’>{{1+0.75(_61>} fexp[77<_é’>} } “
SCU 4f;'0 E(‘O 8(‘0

where ¢, and ¢; are the axial strain and lateral strain, respectively; f., and
£co are the peak stress and peak strain of normal concrete, respectively;
and o is the lateral stress of FRP to concrete.

The comparison in Fig. 7 shows that Teng et al.’s model [37] can
accurately predict the lateral strain-axial strain relationship of FRP-
confined normal concrete with different FRP layers. However, the
model has not considered the effects of rubber replacement and strain
rate. The experimental data in Fig. 6 clearly show that the strain rate and
rubber replacement significantly affect the lateral strain-axial strain
curves. Therefore, the lateral strain-axial strain relationship of FRP-
confined rubber concrete under different strain rates can be obtained
by modifying the model of Teng et al. [37]. The lateral strain-axial strain

0.000 e
- - - - Prediction results
——ROLISIA
—+—ROLISIB
.g ~0-0061 ——ROL2SIA
g ——ROL2S1B
=
% -0.0121
-0.018 ; . . :
000 001 002 003 004 0.05

Lateral strain

Fig. 7. Performance of Teng et al.’s model [37].

function of FRP-confined rubber concrete can be assumed as

0.7
fe 0.85(1 +8ﬂ) { {1 +0.75( 8’) } - exp[f 7( e’) } }kkkm
Ere Jre Ere Ere

(5)
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kR == 1 7ARf (6)

. c
I3
ks, =1—B|log| —
<0g(60))

where kys is the factor related to the strain rate, ¢, is the quasi-static
strain rate, &, = 3.3 x 107/s, ¢ is the applied strain rate, and A, B,
and C are the parameters to be determined, f. is the compressive
strength of rubber concrete or normal concrete, depending on the exis-
tence of rubber aggregates. ¢, is the peak strain of rubber concrete, or
normal concrete, depending on the existence of rubber aggregates. By
best fitting Egs. (5)—-(7) to the test data using the nonlinear fitting
method, parameter values of A, B and C are obtained, which are 0.4,
—0.041, and 1.56, respectively. Therefore, Eq. (5) can be rewritten as

Si —085 <1 + 8?) { {1 +0.75 C&) rj - exp{
- 7(;3) ] }(1 - 04R)) {1 -004 (“’g (ei) )LST

The predictions from Eq. (8) are shown in Fig. 8. It shows that Eq. (8)
can accurately predict the lateral strain-axial strain relationship of FRP-
confined rubber concrete and FRP-confined normal concrete under
different strain rates, respectively. It should be noted when the rubber
volume replacement ratio is greater than 30 %, or the strain rate is
greater than 103/s, the accuracy of Eq. (8) needs to be further verified.

(7)

®
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4.3. Peak stress and peak strain

4.3.1. Peak stress

Fig. 9 shows the relationship between the stress-strain curves of
actively confined concrete and the stress—strain curve of FRP-confined
concrete. Under identical confining stresses, the peak stress of actively
confined concrete is close to the confining stress of passively confined
concrete. Therefore, the compressive strength of passively confined

2.0
S
=
)
g 1.5
S
)
— 1.01
=
<
T 0.5
= —=— Passive-Confinement Model
g 0.0 —— Active-Confinement Model
Z 70 1 2 3 4 5 6 7 8

Normalized Axial Straing/s,,

Fig. 9. Schematic calculation of the analytical model.
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Fig. 8. The evaluation of proposed lateral strain - axial strain model.
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concrete can be used to calculate the peak stress of actively confined
concrete. Related literature also reached similar conclusions
[35,37,43,46]. The existing literature [47] shows that Cao et al. model
[48] can accurately predict the compressive strength of FRP-confined
concrete, and its expression is as follows:

fm‘w El 1.03 f30 0.54 & 0.82
=1 34( — — —
fca 8.3 (E() co Eco (9)

where Ej is the confined stiffness of FRP, E_ is the elastic modulus of FRP-
confined normal concrete, f39 is 30 MPa, and & is the rupture strain of
FRP.

Fig. 10 shows that strain rates and rubber replacement ratio have
significant effects on compressive strength. Compressive strength of
specimens has an increasing trend with the strain rate and FRP layers
increasing, and a decreasing trend with the rubber replacement ratio
increases. The existing studies also obtained similar conclusions
[15,26,49]. However, the influence of rubber content and loading rate is
not considered in Cao et al. model [48]. Therefore, the coefficient
considering rubber content Ry and the coefficient of strain rate I1g(¢/¢o)
can be added to the new model. The peak stress expression of FRP-
confined rubber concrete can be written as,

1.03 0.54 0.82
1+8.34<§") 6‘4’) Ci) (1 +a3Rf)} {1
()
0

12000 *4/0.1f,.  rubber concrete
E,. = an
47304/ fc normal concrete

where E,. is the elastic modulus of normal concrete [48] or rubber
concrete [17], depending on the existence of rubber aggregates. a; as
and as are coefficients that need to be determined. Coefficients a;, as,
and a3 can be obtained by nonlinear regression of test data in this work,
which values are 0.05, 1.00, and -0.73, respectively. Then, Eq. (10) can
be rewritten as,

1.03 0.54 0.82
14834 (5—1> (f;ﬂ) (:—f) (1-0.73R,) ] {1
+ 0.05 (lg (6%) ) ] 12)

When the strain rate ¢ is equal to 3.3 x 10”°/s and the rubber content
Ry is 0, Eq. (12) becomes the compressive strength model of FRP-
confined normal concrete [48]. The evaluation result of Eq. (12) is

fcc.w

f‘VL‘

fcc. w

co

90
= 60} H :
[a ) °
2 0
) !
=~ 30t
= 1l-ply FRP
e 2-ply FRP
0 L L 1
0% 10% R 20% 30%

(a) Effect of rubber replacement ratio
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shown in Fig. 11, where AV and IAE are the error evaluation indices
[50-52]. The accuracy of Eq. (12) is evaluated using these values. AV
and IAE are expressed by Egs. (13) and (14), respectively.

1 n
AV = — Theo, | E. 1
. Zl: eo;/ Expe; (13)

IAE = Z|Expe,- - Theof\/z Expe; a4
T T

where Theo; and Expe; are the i-th theoretical value and experimental
value, respectively; n is the total number of test data. When the AV value
is closer to 1 or IAE is closer to 0, the prediction accuracy of the model is
higher. Fig. 10 shows that the AV and IAE values are 1.04 and 0.07,
respectively. Therefore, Eq. (12) can be used to predict the peak stress of
FRP-confined rubber concrete.

4.3.2. Peak strain

There are no existing peak strain models of FRP-confined rubber
concrete under different strain rates. Based on the test data of rubberized
concrete under active confinement, Gholampour et al. [53] found that
the peak strain of FRP-confined rubber concrete is affected by the rubber
replacement ratio and confining pressure. Moustafa [26] found that the
strain rate affects the ultimate strain. Therefore, the peak strain model of
actively confined rubber concrete can be written as

100
_ AV =1.04 .
S 80F IAE=0.07 -
= .
3_60- e
~ 2
=)
§\>40- ¥
20+
0 L L L L
0 20 40 60 80 100

Expe. f..,, (MPa)

Fig. 11. Performance of the compressive strength model.

90
= 60} : :
& n []
% ' .
8
30¢ = 1-plyFRP
* 2-plyFRP
0 L 1
0 U g 2 3

(b) Effect of different strain rate

Fig. 10. Influencing factors of compressive strength.
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by
Ecer = Eco <1 + big(Ry) (Jﬁ) ) ke (15)
&\ \*
k=14 b, <lg <—> ) (6)
&

where b1, by, bs, and by are coefficients to be determined.

To develop the peak strain model, the experimental peak strain value
can be obtained using the incremental iteration method [41]. The
calculation process of the experimental peak strain value is listed as
follows:

(a) Use a small initial axial strain ¢, of confined concrete;

(b) Calculate the corresponding lateral strain ¢; using Eq. (8);

(c) Substitute the peak stress value f. ,, and experimental stress value
f into the actively confined concrete model Egs. (1)-(3); calculate
the peak stress value f..,, by Eq. (12); the experimental stress
value f, is related to the strain value ¢ in step (a);

(d) Obtain the peak strain (ec ) by solving Eq. (1);

(e) Repeat steps (a)-(c) when the calculated lateral strain ¢; is not
greater than the FRP ultimate strain.

(f) Calculate the experimental peak strains of all specimens using the
aforementioned processes. The program flow chart is shown in
Fig. 12.

Coefficient values by, by, b3, and b4 in Egs. (15) and (16) can be ob-
tained by the regression by all experimental peak strain values. by, by, bs,
and by are found to be 17.5, 1.06, —0.051, and 1.3, respectively, and Eq.
(15) can be rewritten as

o 1.06 .E‘ 1.3
Eeow = Eco <1 +17.5kg (/J) ) <1 - 0.051 (lg (;> ) ) a7
co 0

When the strain rate is quasi-static loading rate and the rubber
content Ry is 0, the model can be applied to normal concrete.
Due to the lack of test data of actively confined rubber concrete for

» Input:ec, E.

v

Calculate corresponding &
by using Eq.(8)
v

Calculate few using Eq.(12)
v

Substitute fw and experimental
feinto Eq.(1)

ge=¢cct+ A gc

Y
Obtain and record &cw value by

using Eq.(1)

a=gr End

Record all the
geew values

Fig. 12. Flow chart of the procedure to generate the peak axial strain.
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modeling, the peak strain model in this work is analytically derived.
While there is limited test data for actively confined rubber concrete is
available for quasi-static loading cases only [53,54]. To verify the ac-
curacy of the peak strain model in this work, the prediction results of Eq.
(17) are compared with experimental data of actively confined rubber
concrete under quasi-static loading [53]. The comparison results are
shown in Fig. 13. It can be seen from Fig. 13 that the calculation results
of Eq. (17) are very close to the test values, and the AV and IAE values
are 1.1 and 0.10, respectively. This indicates the rationality of the
modeling methodology in this paper.

4.3.3. Model evaluation and discussion

The stress—strain model for FRP-confined rubber concrete at different
strain rates is composed of Egs. (1), (8), (12), and (17). Fig. 14 shows the
comparison results between the predicted stress—strain curves and the
test curves. The comparison indicates that the proposed stress—strain
model has good performance.

The newly established analytical stress—strain relationship model
includes two factors: rubber replacement ratio Ry and strain rate. When
the rubber replacement ratio Ry is 0, the newly proposed model can
predict the stress-strain curve of FRP-confined normal concrete with
different strain rates. When the strain rate is 0, the newly proposed
model can predict the stress—strain curves of the FRP-confined rubber
concrete under a quasi-static strain rate. The accuracy of the newly
established model was verified using data from published literature
[15,23], and the results are shown in Fig. 15. The comparison indicates
that the proposed model also has good performance in predicting the
stress—strain curves of the FRP-confined rubber concrete under quasi-
static strain rate, or FRP-confined normal concrete with different
strain rates.

5. Conclusions

In this paper, the mechanical behavior of FRP-confined rubber con-
crete under different strain rates was examined using 36 tested speci-
mens. Based on the test results and analytical study in this paper, the
following conclusions can be drawn:

(1) All the specimens failed by FRP rupture with concrete damage.
The damage severity of concrete is greatly affected by the loading
rate and the number of FRP layers. The rubber content has no
obvious effect on the damage severity. When the loading rate or
the number of FRP layers increases, the damage becomes more
obvious.

(2) The slope of the lateral strain-axial strain curve of FRP-confined
rubber concrete increases with higher strain rates. The existing
lateral strain-axial strain relationship model proposed for

0.03
AV =1.1
IAE=0.1 o °
30.02- e
UQQ
S
3 .
~0.011 e
'l.
= Normal concrete
e Rubber concrete
0.00 ; ;
0.00 0.01 0.02 0.03

Expe.c,

c,w

Fig. 13. Evaluation of Eq. (17).
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Fig. 14. Evaluation of the proposed model with test data in this work.

conventional FRP-confined concrete is not applicable for FRP-
confined rubber concrete. A new model was proposed accord-
ingly in this paper, which can accurately reflect the lateral strain-
axial strain relationship of FRP-confined rubber concrete under

different strain rates.
(3) A new analysis-oriented stress-strain

model of FRP-confined

rubber concrete under different strain rates is proposed, and the

model can accurately predict the test

data. This model can be

(€]

used for both FRP-confined rubber concrete and FRP-confined

normal concrete.

Future research will be carried out for FRP-confined concrete
specimens with rubber volume replacement ratio greater than 30

%, and strain rate greater than 3.3 x 107%/s.
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Fig. 15. Evaluation of the proposed model using existing test data.
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