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Abstract: The aim of this study is to define the cyclic axial behavior of hybrid FRP (fiber reinforced polymer)-confined concrete based on
the results of an experimental study presented here. Two different types of fiber sheets with different ultimate tensile strain capacities were
used together in a suitable epoxy resin matrix to confine concrete. The inner and outer jackets of the concrete confinement were constituted
with carbon (or glass) sheets with a relatively low tensile strain capacity and polyethylene terephthalate (PET) sheets with a high tensile
strain capacity. PET fibers, which are a relatively new type of fiber, are made from recycled plastics. By varying the number of
layers of the outer fiber sheet, different combinations were formed for the hybrid jackets. To characterize the cyclic axial behavior of
hybrid FRP-confined concrete, experimental data were utilized to obtain the axial stress–strain relationship and dilation behavior. Based
on the results, a stress–strain model for the envelope curve of the cyclic response of hybrid FRP-confined concrete is proposed.
DOI: 10.1061/(ASCE)CC.1943-5614.0001156. © 2021 American Society of Civil Engineers.
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Introduction

A major application of fiber-reinforced polymers (FRPs) in civil
engineering is the external confinement of concrete to increase
axial strength and ductility. The experimental research in this
field is mostly related to the compression behavior of the speci-
mens under monotonic loads (Ilki and Kumbasar 2003; Teng
and Lam 2004; Rousakis and Karabinis 2008; Djafar-Henni and
Kassoul 2018; Zeng et al. 2020; Lin et al. 2020; Saleem et al.
2021). However, testing specimens under cyclic loads can provide
more evidence to better understand the compression response and
to evaluate its ductility during an event having loading and un-
loading phases, such as earthquakes. The number of studies focus-
ing on the FRP confinement of concrete members under cyclic
axial loads is relatively low (Lam et al. 2006; Ilki et al. 2008;
Lam and Teng 2009; Bai et al. 2014; Demir et al. 2015; Li and
Wu 2015; Yu et al. 2015; Cao et al. 2021).

Recent studies have shown that the use of FRP composites with
a large rupture strain (LRS) capacity [i.e., polyethylene terephtha-
late (PET) and polyethylene naphthalate (PEN)] can strongly im-
prove the ductility of concrete compression members when they
are externally wrapped (Dai et al. 2012; Bai et al. 2014; Ispir
2015; Saleem et al. 2017; Han et al. 2020). However, the modulus
of elasticity of these materials is low (10–40 GPa). This property
means that LRS FRP composites will generate relatively less stress

than conventional high modulus FRP composites (i.e., carbon,
glass, and aramid fibers) for a certain concrete deformation state.
This effect might represent a significant drawback for the preven-
tion of brittle concrete column damage, such as shear damage,
which is usually initiated at relatively low strain levels
(Anggawidjaja et al. 2006; Zhang et al. 2017; Dai et al. 2012).
At these levels, the LRS FRP composite jacket will exert a limited
amount of confinement stress and shear contribution to surpass the
failure due to its low modulus. This can be overcome by either in-
creasing the thickness of the LRS FRP composite jacket, which can
result in other issues, such as being infeasible, or hybridizing LRS
fibers with high modulus carbon, glass, or aramid fibers.

PET fibers are obtained by recycling waste plastic bottles and
are notably cost-effective compared to high modulus fibers (Ye
et al. 2021). By hybridizing PET fibers with high modulus fibers,
it is possible to develop environmentally friendly, ductile, and af-
fordable column jacketing configurations. Furthermore, by adjust-
ing the amount of PET fibers in the hybrid jacket, the design of the
retrofitting scheme can be tailored according to the specific de-
mands (Ispir et al. 2018).

The number of existing studies on the use of PET fibers in a hy-
brid scheme is quite limited. Guo et al. (2020), Yu et al. (2017), and
Zeng et al. (2020) used PET-FRP composites along with steel tubes
to confine concrete specimens under axial compression stresses.
Huang et al. (2018) used PET-FRP composites to confine
concrete-encased steel columns. In these studies, it was reported
that the buckling of steel tubes and encased steel sections was sig-
nificantly delayed or totally prevented by means of outer PET-FRP
composite jackets. This effect led to an increase in axial load capac-
ity and ductility. Nain et al. (2020) developed composite tubes
using short (glass) and LRS (PET or PEN) FRP composites to con-
fine high-strength concrete specimens. These researchers observed
that specimens confined with hybrid FRP jackets showed better
strength enhancement than the specimens confined with only
short or only LRS FRP composite jackets.

Most of the current studies aim to develop novel compression
members using the hybridization of different FRP composites. How-
ever, there is also a strong need for further research on hybrid concrete
jacketing solutions to reinforce the substandard existing structures.
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Understanding and modeling the behavior of low-strength concrete
confined with hybrid FRP composite jackets can provide an impor-
tant basis to developmore efficient andmore affordable strengthening
strategies for existing substandard reinforced concrete columns.

This study aims to fill this gap in the literature and owes its
originality to the cyclic axial testing of relatively low strength
(approximately 20 MPa) concrete specimens as being representa-
tive of the actual concrete quality used in the existing substandard
reinforced concrete buildings. Standard cylinder specimens are
jacketed using either only high modulus FRP composites (i.e.,
carbon and glass FRP composites) or hybrid sheets constructed
by combining high modulus and LRS PET-FRP composites.
The experimental compressive behaviors of the specimens are
comprehensively examined thereafter, and based on the test re-
sults of hybrid FRP-confined specimens, a modified stress–strain
model is developed.

Experimental Program

Materials and Confinement Configurations

In this study, with the intention of examining the cyclic axial behav-
ior of hybrid-FRP confined concrete, 16 standard cylinder specimens
were tested. The specimens had a diameter of 150 mm and a height
of 300 mm. The specimens were produced with a ready mixed con-
crete. The experimental program is presented in Table 1. While 12
specimens were confined with FRP sheets, four specimens were re-
served to determine the unconfined compressive strength of con-
crete. The average unconfined compressive strength ( fco) of the
concrete at 28 days was determined to be 17.9 MPa by testing two
specimens as per TS EN 12390-3 (TSE 2003). The standard devia-
tion was calculated as 1.75 MPa. Unidirectional carbon, glass, and
PET sheets were used to confine the specimens. Table 2 shows the
characteristics of the fiber sheets, which were provided by the man-
ufacturers. These properties are the typical values obtained from un-
impregnated fabric tensile tests. The online data sheets can be found
in Yönlü and Kumaş n.d. for carbon and glass and in Maeda Kosen
(2002) for PET fiber sheets. While the tensile load-elongation behav-
ior of carbon and glass sheets is linear, that of PET sheets is

nonlinear, as represented by Bai et al. (2014), as a cubic polynomial
with a descending slope.

Eight specimens were confined with two different FRP types
to form inner and outer jackets of hybrid confinement configura-
tions. The remaining four specimens were confined with only one
type of FRP sheet. The prominent aspect of the hybrid confine-
ment adopted is the substantial difference in the tensile strain ca-
pacities of the fiber sheets used: while PET has an LRS capacity,
carbon and glass sheets have a remarkably lower rupture strain
capacity (Table 2).

To provide efficient hybridization, while carbon FRP (CFRP) or
glass FRP (GFRP) sheets with lower rupture strain and high elastic
modulus were used as inner FRP jackets, PET-FRP sheets with a
higher deformation capacity were used as outer jackets. To main-
tain the deformation measurement function of the strain gauges,
which were positioned onto the outer jacket, throughout the test,
the fiber sheet with lower rupture strain was used as the inner jacket.
Each specimen was denoted with a label of N1F1N2F2-C-a/b, where
N1 and N2 are the number of plies of the inner and outer jackets;
F1 and F2 are the fiber types of the inner and outer jackets (C: carbon,
G: glass, and P: PET); C is the cyclic loading; and a or b is used to
differentiate two identical specimens (Table 1). For example,
1C3P-C-b is the second of the identical specimens confined with
one layer of CFRP (inner jacket) and 3 layers of PET-FRP (outer
jacket) and tested under cyclic compression loading. The specimens
confined with a single type of FRP jacket were denoted with
NF-C-a/b, where N and F are the number of layers and type of
FRP jacket, respectively; C is the cyclic loading; and a or b is
used to differentiate two identical specimens. For example, 1G-C-a
is the first specimen of two identical specimens confined with one
layer of GFRP, which was tested under cyclic loading. The tests
for the specimens confined with only PET-FRP were not performed
in the current study, since they were tested by Ispir (2015) for
another project. It should be noted that the same material and
dimensional properties as the specimens presented in this study
have been used in that project.

External Jacketing of Specimens

For jacketing of the concrete specimens, a wet lay-up process,
which included the following steps, was implemented. As the
first step, a primer with two components was applied to each speci-
men after the surface of the specimen was cleaned. Next, the speci-
men was left for 6 h to complete curing of the primer. As the second
step, a layer of epoxy resin was applied to the surface of the speci-
men, and the continuous inner fiber sheet impregnated with epoxy
resin was subsequently bonded to the concrete surface. The fibers
were oriented in the hoop direction. As the last step, another
layer of epoxy resin was applied over the wrapped inner fiber
sheet, and the outer fibers were bonded. A roller was used to im-
prove resin impregnation between fibers by removing the trapped
air. To prevent bond problems between the FRP layers, overlap
lengths of 150 mm (CFRP and GFRP) and 150–180 mm
(PET-FRP) were formed at the end of the wrapping [Fig. 1(a)].
After the jacketing of the concrete specimens, the upper and
lower ends of all specimens were capped with a high-strength mor-
tar to provide uniform distribution of the applied loads.

Test Procedure and Instrumentation

A closed-loop testing machine with a 5,000-kN capacity was used
for loading. The tests were run in displacement control with a cons-
tant rate of 0.6 mm/min (0.2% vertical strain/min), which included
a specified series of unloading–reloading cycles of compression.

Table 1. Test program

Hybrid FRP-confined
specimen

Specimen confined with a single
type of FRP jacket

1C1P-C-a
1C1P-C-b

1C-C-a
1C-C-b

1C2P-C-a
1C2P-C-b
1C3P-C-a
1C3P-C-b

1G1P-C-a
1G1P-C-b

1G-C-a
1G-C-b

Table 2. General characteristics of fiber sheets provided by the
manufacturer

Fiber type

Tensile
strength ff
(MPa)

Modulus of
elasticity Ef

(GPa)

Ultimate
tensile

strain ɛf (%)

Effective
thickness
tf (mm)

Carbon 4,900 230 2.1 0.166
Glass 1,700 80 2.8 0.230
PET 740 10 10 1.262
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Each specimen was first loaded to a target level of vertical strain,
completely unloaded thereafter, and then reloaded to the next target
strain level until the specimen failed. Only one unloading–reload-
ing cycle at each target level was employed. The initial target strain
was chosen as 0.5%, and these target strains were applied in incre-
ments of 0.5% between 0.5% and 3% and then incremented by 1%
until the specimen failed. These strains, which were measured by a
built-in LVDT of the test machine, are the ratio of the change in the
height of the specimen to the initial height and were automatically
applied by the program of the testing machine. The measurement
system included two linear variable displacement transducers
(LVDTs) with 25-mm capacity and two strain gauges with
60-mm gauge length [Fig. 1(b)]. The LVDTs were used to measure
the axial deformations in the center of the specimen throughout a
150-mm gauge length. Strain gauges were used to measure the lat-
eral strain, which was positioned horizontally at the center of the
specimens and outside the overlap region. The variation in the
FRP jacket lateral strains along the perimeter of the cylinder speci-
mens was studied by Lam et al. (2006). These researchers showed
that the measurements of the strain gauges outside the overlapping
region differed in an acceptable range and suggested using the av-
erage of measured lateral strains read from these strain gauges. The
applied loads were measured simultaneously by the built-in load
cell of the testing machine. The measurements of loads, vertical de-
formations, and lateral strains were collected by a data logger and
stored in a computer.

Test Results

Relationships of Axial Stress–Axial Strain and Axial
Stress–Lateral Strain

Conventional FRP-Confined Concrete Specimens
The behavior of the conventional FRP-confined concrete speci-
mens (concrete specimens confined with a single type of high mod-
ulus FRP jacket) under cyclic compression loads is presented in
Fig. 2. The cyclic axial stress–axial strain and cyclic axial stress–
lateral strain curves of 1C (one ply of carbon fiber sheet) and 1G
(one ply of glass fiber sheet) specimens are shown in Figs. 2(a
and b), respectively. These specimens failed in a brittle manner
and loudly due to the sudden rupture of FRP sheets. The lateral
strain was calculated as the average of two strain gauges at mid-
height. It was observed that the measurements of these strain
gauges were notably close to each other for the conventional and
hybrid FRP-confined concrete tests. This finding may be explained
by the explanation given by Li et al. (2016) and Fallah Pour et al.
(2020): the use of low strength concrete, stiff FRP jackets, and cy-
clic loading schemes usually dictates a more homogeneous con-
crete deformation accumulated at the midheight of the specimens.

As shown in Fig. 2, the specimens confined with a single type of
FRP sheet showed an enhanced strength and deformability. The av-
erage unconfined compressive strength ( fco) was obtained as
24.1 MPa by testing two unconfined specimens at the test period
of the confined specimens for at least 150 days. Table 3 presents
the strength, deformability, and increase rate ( fc,s/fco and ɛc,s/ɛco)
for the 1C and 1G specimens. In this table, fco is the unconfined
concrete strength, fc,s is the FRP-confined concrete strength, ɛco
is the axial strain at peak stress for unconfined concrete, ɛc,s is
the axial strain at peak stress for confined concrete and ɛrup,s is
the FRP sheet rupture strain. It should be noted that the subscript
s is particularly used in the symbols for presenting the results of
the conventional high modulus FRP-confined concrete specimens.
The average fc,s/fco ratio and ɛc,s/ɛco ratio are calculated as 2.3 and
14.2 for 1C and 1.8 and 14.0 for 1G specimens, respectively. The
average rupture strains (ɛrup,s) are calculated as 0.141 for 1C and

(a) (b)

Fig. 1. (a) Hybrid confinement structure; and (b) the measurement sys-
tem (dimensions in mm).

(a) (b)

Fig. 2. Cyclic axial stress–axial strain and axial stress–lateral strain relationships for (a) 1C; and (b) 1G specimens.

Table 3. Test results of a single type of FRP-confined specimen

Specimen fc,s (MPa) fc,s/fco ɛc,s ɛc,s/ɛco ɛrup,s kɛ,s

1C-a 54.7 2.3 0.0304 14.2 0.0146 0.67
1C-b 55.3 — 0.0261 — 0.0136 —
1G-a 41.0 1.8 0.0290 14.0 0.0195 0.69
1G-b 43.3 — 0.0269 — 0.0192 —
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0.194 for 1G. The companion specimens of 1C and 1G tested under
monotonic loads by Ispir et al. (2018) displayed similar stress and
strain enhancement ratios.

The comparison between FRP sheet ultimate tensile strain ca-
pacities (ɛf) that are reported by the supplier (Table 2) and the rup-
ture strains (ɛrup,s) measured experimentally (Table 3) shows that
the experimental values are lower than the reported tensile strain
capacities: rupture strain efficiency factors (kɛ,s), which is the
ratio of ɛrup,s/ɛf is lower than 1. The average kɛ,s for the 1C and
1G specimens was found to be 0.67 and 0.69, respectively. The av-
erage kɛ,s values for CFRP- and GFRP-confined concrete cylinders
were reported to be 0.586 and 0.624 by Lam and Teng (2003),
0.581 and 0.669 by Lam and Teng (2004), and 0.63 and 0.68 by
Realfonzo and Napoli (2011), respectively.

The probable causes of lower ɛrup,s values with respect to ɛf
were previously explained by underlining two issues: strain local-
ization and in situ properties of the FRP jacket (Pessiki et al. 2001;
De Lorenzis and Tepfers 2003). The first is related to the nonuni-
form strain distribution in the FRP jacket due to mainly nonhomo-
geneous deformations in the cracked concrete and possible
eccentricities of loading. The latter is possible because of local
misalignment or waviness of fibers in the wet lay-up process (un-
equal stretching of the fibers), residual strains due to creep,
shrinkage, and temperature effects, and the cumulative possibility
of imperfections in the FRP jacket, which is considerably larger in
size than a tensile test coupon used for determining the ultimate
tensile strain capacity ɛf. Matthys et al. (2006) also pointed out
that the multiaxial stress state due to stress transfer between the

concrete core and FRP jacket and workmanship might be critical
to the reduced efficiency of FRP layers.

Hybrid FRP-Confined Concrete Specimens
The hybrid FRP-confined specimens were tested under cyclic com-
pression loads. The responses of these specimens are given with the
cyclic axial stress–axial strain and cyclic axial stress–lateral strain
relationships in Figs. 3 and 4.

To simplify the explanation of the stress–strain behavior of hybrid
FRP-confined specimens, a schematic envelope curve of the stress–
strain relationship is presented in Fig. 5. The envelope curve of
each specimen was obtained by connecting the unloading points on
the cyclic stress–strain curve. In Fig. 5, the three points characterizing
the behavior of the hybrid FRP-confined specimens are indicated with
Point 1, Point 2, and Point 3. The axial stress and corresponding axial
and lateral strains at these points are symbolized with fc,hn, ɛc,hn, and
ɛl,hn, respectively, where the subscript n indicates the point number
(Fig. 5). It should be noted that the subscript h is particularly used
for presenting the results of the hybrid FRP-confined specimens.

Cyclic compression tests of the hybrid FRP-confined specimens
reveal two different types of behavior. Up to Point 1, the shape of
the stress–strain curve of the hybrid FRP-confined specimens is
very similar to that of the conventional FRP-confined concrete
specimens. In this stage, the stress–strain behavior is characterized
by two ascending regions.

At Point 1, the inner FRP sheet ruptures at first (the first rupture
point, Fig. 5) since the ultimate lateral strain capacity of the inner
FRP sheet (CFRP or GFRP) is lower than that of the outer FRP

(a) (b)

Fig. 4. Cyclic axial stress–axial strain and axial stress–lateral strain relationships of (a) 1C3P; and (b) 1G1P specimens.

(a) (b)

Fig. 3. Cyclic axial stress–axial strain and axial stress–lateral strain relationships of the (a) 1C1P; and (b) 1C2P specimens.
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(PET-FRP). After Point 1, as the inner FRP sheet loses its effective-
ness, the hybrid specimen transforms to a specimen confined with
only outer FRP sheets (e.g., behaves like 3P in the case of the 1C3P
specimen). If the strain and confinement stress capacities in the
hoop direction of the outer FRP confinement are greater (or equal
to) than the hoop strain and confinement stress at Point 1, the
outer FRP elongates from Point 1 to Point 2. If not, the outer
FRP sheet will rupture at Point 1 or at a point between Point 1
and Point 2. In this study, this is called the first type of behavior.

During this rebalancing stage, slight load drops take place, while
axial and lateral strains increase. Nevertheless, the stress–strain be-
havior in this range (between Point 1 and Point 2 in Fig. 5) may be
represented with a horizontal line.

Even if the inner and outer FRP sheets have very different ulti-
mate strain capacities, if the confinement stress capacity of the
outer FRP layer is equal to the confinement stress exerted at
Point1, the outer FRP sheet reaches its rupture strain at Point
2. The 1C1P and 1G1P specimens behave in this way and fail at
Point 2 due to the rupture of the outer PET-FRP sheet.

If the strain and confinement stress capacities in the hoop direc-
tion of the outer FRP confinement are greater than the hoop strain
and confinement stress at Point 2, the hybrid specimen (1C2P and
1C3P) reveals the second type of behavior. An ascending stress–
strain region between Point 2 and Point 3 is observed, and the
outer FRP jacket fails entirely at Point 3. Ispir et al. (2018) ob-
served similar types of behaviors for the hybrid-confined speci-
mens tested monotonically.

The test outputs are presented in Tables 4–6 for Points 1, 2, and
3. Some values of 1C2P-C-b in Tables 4–6 are signed with na since
LVDTs were not operating until the end of the specimen test. As
expected, since the applied confinement stress at Point 1 is higher
in the hybrid specimens, the axial stress and strain values for each
hybrid specimen at this point are higher than those of correspond-
ing specimens confined with a single type of FRP jacket. The ratios
of ɛl,h1/ɛrup,s show that lateral strains measured from the outer
PET-FRP jacket’s surface at Point 1 (ɛl,h1) are almost the same as
the lateral strains that are specified as the rupture strain of the cor-
responding specimens confined with only a single type of FRP
jacket (ɛrup,s). Based on this outcome, the inner and outer FRP
sheets work together as an integrated FRP jacket. The average

Fig. 5. Representation of the axial stress–axial strain curve for hybrid
FRP-confined concrete.

Table 5. Test results for hybrid-confined specimens at Point 2

Specimen fc,h2 (MPa) fc,h2/fco fc,h2/fc,h1 ɛc,2 ɛc,h2/ɛco ɛc,h2/ɛc,h1 ɛl,h2 kɛ,h2

1C1P-C-a 55.5 2.4 0.9 0.1040 52.4 2.8 0.0578 0.58
1C1P-C-b 60.9 — — 0.1056 — — 0.0583 —
1C2P-C-a 78.3 3.2 1.0 0.0627 31.4 1.3 0.0391 —
1C2P-C-b 77.9 — — na — — 0.0357 —
1C3P-C-a 86.4 3.6 1.0 0.0710 37.9 1.6 0.0320 —
1C3P-C-b 87.7 — — 0.0806 — — 0.0266 —
1G1P-C-a 62.2 2.4 1.0 0.0509 26.3 1.6 0.0484 0.51
1G1P-C-b 55.4 — — 0.0541 — — 0.0541 —

Table 6. Test results for hybrid-confined specimens at Point 3

Specimen fc,h3 (MPa) fc,h3/fco fc,h3/fc,h2 ɛc,3 ɛc,h3/ɛco ɛc,h3/ɛc,h2 ɛl,h3 kɛ,h3

1C2P-C-a 87.5 3.5 1.1 0.0882 44.1 1.4 0.0591 0.53
1C2P-C-b 81.0 — — na — — 0.0462 —
1C3P-C-a 122.6 4.9 1.4 0.1129 65.0 1.7 0.0687 0.60
1C3P-C-b 115.4 — — 0.1471 — — 0.0503 —

Table 4. Test results for hybrid FRP-confined specimens at Point 1

Specimen fc,h1 (MPa) fc,h1/fco fc,h1/fc,s ɛc,h1 ɛc,h1/ɛco ɛc,h1/ɛc,s ɛl,h1 ɛl,h1/ɛrup,s ɛl,h1/ɛf

1C1P-C-a 66.5 2.8 1.2 0.0353 18.6 1.3 0.0133 1.01 0.68
1C1P-C-b 68.1 — — 0.0391 — — 0.0151 — —
1C2P-C-a 78.3 3.2 1.4 0.0415 23.5 1.7 0.0150 1.06 0.71
1C2P-C-b 77.6 — — 0.0523 — — 0.0150 — —
1C3P-C-a 84.7 3.6 1.6 0.0447 23.9 1.7 0.0143 0.92 0.62
1C3P-C-b 88.6 — — 0.0507 — — 0.0116 — —
1G1P-C-a 62.5 2.5 1.4 0.0323 16.2 1.2 0.0226 1.01 0.70
1G1P-C-b 55.6 — — 0.0323 — — 0.0164 — —
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efficiency factor at Point 1 (average ɛl,h1/ɛf ratio in Table 4) is cal-
culated as 0.67 for hybrid FRP-confined specimens with inner
CFRP jackets. This ratio was obtained as 0.70 for monotonically
tested hybrid FRP-confined specimens with inner CFRP jackets
by Ispir et al. (2018). It should be stated that the companion speci-
mens tested under monotonic loads displayed similar stress and
strain enhancements.

Tables 5 and 6 show the numerical values obtained or derived
for Points 2 and 3. For these points, despite the loss of the inner
FRP sheet(s), the axial compressive stresses fc,h2 (at Point 2) and
fc,h3 (at Point 3) are still notably higher than the unconfined con-
crete strength ( fc,h2/fco and fc,h3/fco > 1). Note that the 1C1P and
1G1P specimens do not reach Point 3. It may be considered that
due to the large deformations, the 1C3P-C-b specimen deviates
from the 1C3P-C-a specimen in the final loading stage (Fig. 4).

The variation of the FRP sheet strain efficiency with regard to
the loading type (monotonic or cyclic) and hybridization configura-
tion is evaluated using efficiency factors calculated as the average
value of ɛl,hn/ɛf of identical specimens (Table 7). As seen in Table 7,
the hybridization generally resulted in a lower efficiency factor for
the outer PET-FRP jacket. This is thought to be because of the non-
homogeneity of concrete damages inside which is much more se-
vere at the ultimate cases of the hybrid cases. For the specimens
confined with PET-FRP only, the efficiency factor tends to be
higher, as the ultimate axial deformation of the concrete and thus
the damage severity of the concrete core is generally lower than
that of hybrid FRP-confined specimens.

Dilation Behavior

Conventional FRP-Confined Concrete Specimens
The influence of FRP confinement on the deformation characteris-
tics of concrete can be analyzed by examining lateral strain–axial

strain relationships. Fig. 6 presents these relationships of the speci-
mens confined with one layer of CFRP or GFRP. The curves of
these relationships are in the form of an increasing function includ-
ing three parts [Figs. 6(a and b)].

The first part [Fig. 6(b)] is governed by the elastic behavior of
the unconfined concrete where lateral deformations are not large
enough to elicit the effect of FRP confinement. Hence, the lateral
strain–axial strain relationships for all of the specimens coincided
with each other in this part, since they were produced using the
same concrete. The salient property of this part is that concrete
displays a linear elastic behavior. The slope of this linear part,
which is known as the elastic Poisson’s ratio, is calculated as
0.20–0.22 for the specimens tested. At the transition point be-
tween the first and second parts, the axial stress level is between
60% and 70% of the unconfined concrete strength, and the aver-
age axial strain is approximately 0.07%, where the first micro-
cracks in the concrete are assumed to occur. The second part
[Fig. 6(b)] is governed by the increase in concrete expansion
with unstable cracks. Hence, the rate of the lateral strain increase
in the second part is higher than that in the first part. The third part
[Fig. 6(a)] is governed by the properties of the FRP jacket, and the
confinement pressure increases in a passive way, which restrains
the lateral strains. Therefore, the rate of increase of lateral strain
decreases compared to the second part.

Furthermore, compared to the concrete specimens confined with
GFRP jackets, those confined with CFRP jackets have less lateral
strain for a given axial strain level. This finding is observed because
the CFRP jacket has a higher elastic modulus and accordingly a
higher confinement pressure. Such a relationship between lateral
strain, axial strain, and lateral confinement stress was also deter-
mined by Lim and Ozbakkaloglu (2015) and Ribeiro et al. (2018).

Hybrid FRP-Confined Specimens
The analysis of Figs. 7(a and b) reveals that the dilation behavior of
the hybrid specimens can be characterized in four parts. Similar to
conventional FRP-confined cases, the curves of the lateral strain
and axial strain relationships are in the form of an increasing func-
tion. The first parts are governed by the behavior of the unconfined
concrete up to a point corresponding to an axial stress level of
60%–80% of the unconfined concrete strength or to an average
axial strain of 0.08% approximately (Fig. 7). In this part, the lateral
strain–axial strain behavior of all of the specimens almost coincides
with the exception of the 1G1P specimen [Fig. 7(b)]. Poisson’s
ratio is calculated as 0.17–0.25 based on the slopes of the first
parts. In the second part, the relationship exhibits nonlinear behav-
ior up to the unconfined concrete strength [Fig. 7(b)]. Next, in the

Table 7. Comparison of the lateral-strain efficiency factor for different
loadings and specimen types

Specimen
Cyclic tests
(current tests)

Monotonic tests
(Ispir et al. 2018)

Tests of only PET-FRP
confined specimens

(Ispir 2015)

Cyclic Monotonic

1C1P 0.58 0.70 0.54 (1P) 0.82 (1P)
1G1P 0.51 0.61 0.54 (1P) 0.82 (1P)
1C2P 0.53 0.69 0.84 (2P) 0.77 (2P)
1C3P 0.60 0.64 0.78 (3P) 0.74 (3P)

(a) (b)

Fig. 6. Lateral strain–axial strain relationships of conventional FRP-confined specimens: (a) normal view; and (b) close-up view for the first and
second parts.
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third part, due to the activation of the confinement pressure, the re-
lationship is governed by the properties of the hybrid FRP jacket
[Fig. 7(a)]. The rate of increase of lateral strain in this part decreases
with respect to the second part because of the confinement of the
concrete [Figs. 7(a and b)]. In this part, for a given axial strain
level, while 1G1P has the largest lateral strain, 1C3P has the least
lateral strain. This finding is observed because the confinement
stress applied by 1G1P is remarkably lower than that applied by
1C3P. This part continues until the inner FRP sheet ruptures.
Next, the outer FRP jacket governs the last part (the fourth part),
and the lateral strains start increasing rapidly up to the failure of
the outer PET-FRP jacket. The junction point between the third
and last parts [Fig. 7(a)] corresponds to the rupture of the inner
FRP sheet (Point 1 in Fig. 5). The slope of the last parts demon-
strates that as the confinement pressure provided by the outer
FRP jacket increases, the increase rate of the lateral strain decreases.

Modeling the Stress–Strain Relationship for Hybrid
FRP-Confined Concrete

To predict the envelope axial stress–axial strain curve of hybrid
FRP-confined concrete, a modified model is proposed. The modifi-
cations are based on the observed behaviors of the specimens tested
in both this study and Ispir et al. (2018). The two main steps of the
development of the proposed model are to first plot the basic shape
of the stress–strain curve similar to Fig. 5 and then predict the key
stresses and strains of each point on the stress–strain curve. These
steps are detailed as follows:

Determination of Basic Shape of the Stress–Strain Curve

As the first step of developing the proposed model, the shape of the
axial stress–strain curve for hybrid FRP-confined concrete is pre-
dicted considering the knowledge on the types of behaviors ex-
plained in the “Test Results” section. The algorithm in Fig. 8 is
proposed to plot the shape of the axial stress–strain relationship.
This algorithm applies to hybridization schemes with at most two
different types of constituting FRP sheets. On the other hand, to
be able to use this algorithm, the inner jacket should be constructed
using an FRP sheet with a lower ultimate tensile strain capacity
than the outer jacket. Hence, the inner FRP sheet is expected to rup-
ture first at Point 1 (Fig. 5).

The first two parts of the axial stress–axial strain curve of the hy-
brid FRP-confined concrete are identical to the case of concrete

confined with a single type of FRP. The rest of the curve can be pre-
dicted considering the total lateral confinement stress at Point 1
[Eq. (1)], the ultimate tensile strain capacities of the constituent
FRP sheets and the ultimate confinement stress that can be applied
by the outer FRP sheet [Eq. (2)]. During the implementation of this
algorithm, it is considered that the lateral strains of the inner and
outer jackets at Point 1 (ɛl,h1) are equal, and they take a value of
(kɛ× ɛf)inner, where ɛf is the ultimate tensile strain capacity of the
inner fiber sheet provided by the manufacturer. For the presented
study, (kɛ)inner is taken as 0.7. This value is the average of the effi-
ciency factors of CFRP and GFRP, which were obtained from the
current tests of the hybrid-confined and conventional confined-
concrete specimens. For the calculation of ultimate confinement stress
capacity of the outer jacket, ( flu)outer, the lateral strain efficiency factor
of the outer jacket should be used. For the presented study, (kɛ)outer is
taken as 0.56 in Eq. (2), which was calculated from the average rup-
ture strain of the hybrid-confined specimens tested in this study.

fl,h1 =
2Ef εl,h1nf tf

D

( )
inner

+
2Ef εl,h1nf tf

D

( )
outer

× (εl,h1)outer = (εl,h1)inner (1)

( flu)outer =
2Ef kεεf nf tf

D

( )
outer

(2)

To plot the shape of the stress–strain curve, the lateral strain at
Point 2 of the outer FRP jacket should also be calculated. The
outer FRP sheet should display an elongation in the hoop direction
between Points 1 and 2 to compensate for the total lateral stress
that was initially exerted by the inner and outer jackets together at
Point 1. During this elongation that takes place to rebalance the lateral
confinement stresses at Point 1 and Point 2, slight fluctuations are ob-
served in axial compression stress. Equating the lateral confinement
stresses at Point 1 and Point 2, Eq. (3) is derived to calculate the lat-
eral strain at Point 2 (ɛl,h2c). ɛl,h1 is the lateral strain immediately be-
fore rupturing of the inner FRP sheet (at Point 1); fl,h1 is the total
lateral confinement stress at Point 1, which is calculated by substitut-
ing ɛl,h1 into Eq. (1);D is the diameter of the concrete specimen with-
out considering the thickness of the FRP jackets, and nf is the number
of FRP layers. The calculated and measured lateral strains at Point 2
(ɛl,h2c, ɛl,h2) are presented in Table 8 together with ɛl,h1 and fl,h1.

εl,h2c =
fl,h1D

(2Ef nf tf )outer
(3)

(a) (b)

Fig. 7. Lateral strain–axial strain relationships of hybrid FRP-confined specimens: (a) normal view; and (b) close-up view for the first and second
parts.
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The calculated ɛl,h2c strains are in good agreement with the ɛl,h2
strains obtained from the current tests. According to the test results,
( flu)outer/fl,h1 must be greater than 1.20 for the specimen to exhibit
an ascending behavior after Point 2, (Table 9). By applying the al-
gorithm presented in Fig. 8, the stress–strain curve for each hybrid-
confined specimen is determined (Fig. 9).

Predictions of the Key Stress and Strain

After the basic shape of the axial stress–axial strain curve is deter-
mined, as the second step, the values of the key stresses and strains
are predicted. In the following calculations, lateral strains at Point 1
(ɛl,h1) and Point 3 (ɛl,h3) are taken as the effective lateral strains
[(kɛɛf)inner and (kɛɛf)outer, respectively]. The lateral strain at Point
2 (ɛl,h2c) is obtained using Eq. (3).

Up to Point 1, the inner and outer jackets are accepted to be
completely integrated. For this part, the model proposed by Lam
and Teng (2003) is utilized. This model consists of two regions:

Fig. 8. Flowchart for the basic shape of the axial stress–axial strain relationship.

Table 9. Shape of the stress–strain curves of the hybrid-confined
specimens

Specimen fl,h1 ( flu)outer Comparison [( flu)outer/fl,h1] Shape

1C1P 9.9 9.4 0.95 Path B
1C2P 12.4 18.8 1.52 Path C
1C3P 14.9 28.2 1.89 Path C
1G1P 8.1 9.4 1.16 Path B

Table 8. Predicted lateral strains at Point 2 (ɛl,h2c)

Specimen
Test Calculated Calculated Test ɛl,h2 ratio

(test/calculated)ɛl,h1 fl,h1 (MPa) ɛl,h2c ɛl,h2

1C1P 0.0147 9.9 0.0609 0.0581 0.95
1C2P 0.0147 12.4 0.0380 0.0374 0.98
1C3P 0.0147 14.9 0.0304 0.0293 0.96
1G1P 0.0196 8.1 0.0471 0.0513 1.09

© ASCE 04021045-8 J. Compos. Constr.
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the first region is defined with a parabolic function [Eq. (4a)], and
the second region is defined with a linear function [Eq. (4b)]. The
required expressions of this model are given in Eqs. (4)–(10). In
these equations, σc is the compression stress, ɛc is axial strain,
and Ec is the modulus of concrete [Eq. (5)]. fo and ɛt are the stress
and axial strain, respectively, where the parabolic first portion
meets the linear second region. fo is taken as fco and ɛt is calculated
by Eq. (6). E2 is the slope of the second region of the stress–strain
curve [Eq. (7)]. fcc is the compressive strength of confined concrete
[Eq. (8)] and ɛcu is the ultimate axial strain of confined concrete
[Eq. (9)]. flu is the ultimate confinement stress [Eq. (10)] and
ɛh,rup is the FRP hoop rupture strain in FRP-confined concrete.

σc = Ecεc −
(Ec − E2)

2

4fo
ε2c 0 ≤ εc ≤ εt (4a)

σc = fo + E2εc εt ≤ εc ≤ εcu (4b)

Ec = 4,730
����
fco

√
(5)

εt =
2fo

(Ec − E2)
(6)

E2 =
fcc − fo
εcu

(7)

fcc
fco

= 1 + 3.3
flu
fco

(8)

εcu
εco

= 1.75 + 12
flu
fco

( )
εh,rup
εco

( )0.45

(9)

flu =
2Ef nf tf εh,rup

D
(10)

After Point 1, the stress at Point 2 ( fc,h2) is accepted as equal to
the stress at Point 1 ( fc,h1).

The axial strain at Point 2 (ɛc,h2) is considered the summation
of the axial strain at Point 1 (ɛc,h1) and the axial strain increment
(Δɛc)1→2 between Point 1 and Point 2, which is mathematically
expressed in Eq. (11). To estimate (Δɛc)1→2, Eq. (12) can be used
to show that confinement stress ( flu) and lateral rupture strain
(ɛh,rup) terms should be replaced by the differential values of
those terms between Points 1 and 2. Eq. (12) is the re-expressed
form of Eq. (9). Eq. (13) shows the calculation of the differential
value of confinement stress between these points ((Δfl)1→2). ɛc,h2
is calculated through Eqs. (11)–(13) for each specimen.

εc,h2 = εc,h1 + (Δεc)1�2 (11)

(Δεc)1�2 = 0.002 1.75 + 12
(Δfl)1�2

fco

( )
εl,h2 − εl,h1

εco

( )0.45
[ ]

(12)

(Δfl)1�2 =
2Ef ntf
D

( )
outer

(εl,h2 − εl,h1) (13)

The expression of Eq. (8) proposed by Lam and Teng (2003) is
used to estimate the axial compression stress at Point 3 ( fc,h3). As
the inner FRP jacket ruptures at Point 1, the confinement stress at
Point 3 can be calculated simply by considering that only the
outer jacket provides confinement at ultimate. Consequently, the

Fig. 9. Comparison of axial stress–axial strain curves obtained from the proposed model and tests.
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ultimate confinement stress is calculated with Eq. (2) to determine
fc,h3. As the 1C2P and 1C3P specimens failed at Point 3, the calcu-
lation of fc,h3 is necessary for these specimens.

The axial strain at Point 3 (ɛc,h3) is calculated with Eq. (14) by
following the same approach explained for ɛc,h2 above. To estimate
the axial strain increment between Points 2 and 3 ((Δɛc)2→3),
Eqs. (15) and (16) are set by replacing the lateral strain in
Eqs. (9) and (10) with the differential values of lateral strain be-
tween Point 3 and Point 2. Using Eqs. (14) and (16), ɛc,h3 is calcu-
lated for the 1C2P and 1C3P specimens.

εc,h3 = εc,h2 + (Δεc)2�3 (14)

(Δεc)2�3 = 0.002 1.75 + 12
(Δfl)2�3

fco

( )
εl,h3 − εl,h2

εco

( )0.45
[ ]

(15)

(Δfl)2�3 =
2Ef ntf
D

( )
outer

(εl,h3 − εl,h2) (16)

Following these steps, the key values of each point on the
stress–strain curve are calculated for each hybrid-confinement con-
figuration. By placing these values on the predicted stress–strain
shape, the entire stress–strain path is obtained. The predicted and
experimental curves are presented in Fig. 9. In addition to the cur-
rent experimental curves, those of the monotonic tests given in Ispir
et al. (2018) are also provided in Fig. 9. The performance of the
proposed model is evaluated over the results obtained from both
the cyclic and monotonic tests. These figures show the existence
of a reasonable agreement between the experimental and predicted
curves. A general underestimation for all of the key stress and
strains is because of the underestimation of stress and strain values
at Point 1 by Lam and Teng (2003) model. Since the expressions of
the modified model are interdependent, underestimation of the
stress and strain values of Point 1 results in the underestimation
of the following stress and strain values.

The stress and strain values at Points 1–3 predicted with the
proposed model are given in Table 10 together with the corre-
sponding test results on average obtained from both cyclic and
monotonic tests. To evaluate the performance of the modified
model, the statistical parameters of the average absolute error
(AAE), mean (M ), and standard deviation (SD) of the predictions
are calculated using Eqs. (17)–(19). The mean is used to identify
the estimation level of the model on average (i.e., overestimation
or underestimation) with respect to the corresponding test results.
In these equations, mi and ti are the value predicted by the model

and the corresponding value determined by the test, respectively,
and n is the number of tested specimens.

AAE =
∑n

i=1 |(mi − ti)/ti|
n

(17)

M =
∑n

i=1 mi/ti
n

(18)

SD =

����������������������∑n
i=1 ((mi/ti) −M )2

n − 1

√
(19)

By evaluating the key stress (strain) predictions at Points 1–3 to-
gether, the AAE and M values are calculated as 0.09 (0.16) and
0.92 (0.84) with an SD of 0.06 (0.11). Wu and Zhou (2010) defined
the accuracy of a model depending on AAE: Category I (AAE≤
15%—high accuracy), Category II (15%<AAE≤ 30%—moderate
accuracy), or Category III (AAE> 30%—low accuracy). Accord-
ingly, the modified model can be classified as Category I in
terms of stress and as Category II in terms of strain. An overall as-
sessment of the stress–strain curves and the statistical parameters
shows that the modified model can be used to predict the stress–
strain curves of hybrid FRP-confined concrete specimens.

Conclusions

The cyclic axial responses of hybrid FRP-confined concrete cylinders
were examined experimentally. Hybridization was formed by the use
of different types of FRP sheets with different ultimate lateral strain
capacities as inner and outer jackets. The assessment of the results
of the test and analytical studies leads to the following conclusions:
1. The hybrid-confined specimens tested under axial compression

loads exhibited two different types of behaviors depending on
the lateral confinement stress and tensile strain capacities of
the outer FRP jacket. While the use of PET-FRP as an outer
jacket fulfilled a high elongation capacity demand, which is re-
quired for efficient hybridization, its lateral confinement stress
capacity was decisive for the formation of these behaviors.

2. Although the lateral strain efficiencies of the entire hybrid con-
figurations considered are consistently better under monotonic
loadings, no clear sign of superior compression response was
observed compared to the cyclically tested specimens.

3. The general rules of FRP-confined concrete, such as greater
confinement stress and less concrete core dilatation, apply to
the present hybrid case.

Table 10. Proposed model predictions

Specimen Point

Test Predicted Predicted/test

Stress (MPa) Strain Stress (MPa) Strain Stress ratio Strain ratio

1C1P Point 1 65.6 0.0358 57.0 0.0278 0.87 0.78
Point 2 59.0 0.0899 57.0 0.0631 0.97 0.70

1C2P Point 1 73.6 0.0437 65.1 0.0339 0.89 0.78
Point 2 74.3 0.0618 65.1 0.0610 0.88 0.99
Point 3 83.5 0.0943 86.1 0.0807 1.03 0.86

1C3P Point 1 82.7 0.0444 73.3 0.0399 0.89 0.90
Point 2 83.2 0.0638 73.3 0.0634 0.88 0.99
Point 3 115.7 0.1136 117.8 0.1074 1.01 0.95

1G1P Point 1 57.0 0.0350 50.9 0.0260 0.89 0.74
Point 2 56.0 0.0622 50.9 0.0445 0.91 0.72

© ASCE 04021045-10 J. Compos. Constr.
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4. Based on the revealed behaviors of hybrid FRP-confined concrete,
a stress–strain model was proposed. Good agreement was observed
between the predicted and experimental stress–strain curves.

Data Availability Statement

All data, models, and codes generated or used during the study ap-
pear in the published article.
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Notation

The following symbols are used in this paper:
D = diameter of the concrete specimen without

considering the thickness of the FRP jackets;
Ec = modulus of elasticity of concrete;

fc,h2 = axial compressive stress at Point 2;
fc,h3 = axial compressive stress at Point 3;
fc,hn = axial compression stress at Point n on the stress–strain

relationship of hybrid FRP confined concrete;
fc,s = FRP-confined concrete strength;
fcc = compressive strength of confined concrete;
fco = average unconfined compressive strength;
fl,h1 = total lateral confinement stress at Point 1;
flu = ultimate confinement stress;

( flu)outer = ultimate confinement stress capacity of the outer
jacket;

fo = stress where the parabolic first portion meets the linear
second region;

kɛ,s = rupture strain efficiency factors;
M = mean;
n = number of tested specimens;
nf = number of FRP layers;

((Δfl)1→2) = differential value of confinement stress between Points
1 and 2;

(Δɛc)1→2 = axial strain increment between Point 1 and Point 2;
ɛc,h2 = axial strain at Point 2;
ɛc,hn = axial strain at Point n on the stress–strain relationship

of hybrid FRP-confined concrete;
ɛc,s = axial strain at peak stress for confined concrete;
ɛc = axial strain;
ɛco = axial strain at peak stress for unconfined concrete;
ɛcu = ultimate axial strain of confined concrete;
ɛf = ultimate tensile strain capacity of FRP sheet;

ɛh,rup = FRP hoop rupture strain in FRP-confined concrete;
ɛl,h1 = lateral strains measured from the outer PET-FRP

jacket surface at Point 1;
ɛl,h2 = lateral strains measured from the outer PET-FRP

jacket surface at Point 2;
ɛl,h2c = lateral strains calculated using Eq. (3);
ɛl,h3 = lateral strains measured from the outer PET-FRP

jacket surface at Point 3;

ɛl,hn = lateral strains measured from the outer PET-FRP
jacket surface at Point n corresponding to a specific
point on the stress–strain relationship of hybrid FRP
confined concrete;

ɛrup,s = FRP sheet rupture strain of the specimen confined with
a single type of FRP;

ɛt = axial strain where the parabolic first portion meets the
linear second region; and

σc = compressive stress.
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