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Abstract: Application of hybrid jackets consisting of comparatively stiff FRP materials for
the seismic retrofit of substandard RC columns, aiming at reducing the risk of buckling
and of brittle failure, which are typical to older columns, is a promising challenge. Given
the sparsity of similar experimental data, the objective of this paper is to study the hybrid
effect in concrete confined with conventional carbon- and glass- reinforced polymer fab-
rics (CFRP and GFRP, respectively). Twenty-six concrete cylinders, wrapped by one to
three layers of CFRP and GFRP with different fiber configurations, were tested in com-
pression. A clear hybrid effect was observed, consisting of a less brittle failure and an
improved confinement as compared to the behavior of simple jackets. Furthermore, hy-
brid specimens, in which a CFRP layer is substituted by a GFRP layer, appear to display
similar efficiency in confinement compared to specimens with a stiffer jacket consisting of
more CFRP sheets, which are expected to experience 30 to 40% higher lateral pressure
owing to the stiffer jacket. A design model to estimate peak concrete compressive
strength and axial strain is proposed. The results are promising towards the potential
application of similar hybrid jackets for the seismic rehabilitation of older RC columns.

Keywords: hybrid FRP jackets; confinement; CFRP; GFRP; concrete; compressive
strength; axial strain; lateral strain; ductility; design model

1. Introduction

Fiber-reinforced polymer (FRP) composites are increasingly gaining popularity for
strengthening and rehabilitation of concrete since the late 1990s, owing to their remark-
able stiffness and strength-to-mass ratio. FRPs are particularly effective when applied to
concrete structural elements subjected to compression, with the fibers oriented along the
cross-section perimeter, perpendicular to the axial load. FRP jackets are activated when
the compression load exceeds the axial strength of the unconfined element, after which
the concrete section tends to expand radially because of internal cracking. FRP materials
behave elastically up to failure and introduce confining stresses in the plane of the sec-
tion resulting in a tri-axial stress-state and, hence, in enhanced mechanical properties,
i.e.,, compressive strength and deformability of the retrofitted element. Experimental re-
search initially focused on the compressive performance of columns with external jackets
consisting usually of a single type of carbon FRP (CFRP) wraps with a variable number of
layers, e.g., [1-3]. FRPs have been applied also for prefabricated tubes, which were sub-
sequently filled by concrete [4-7]. Early on, numerous models have been proposed to
estimate either only the peak strength and deformation characteristics of confined con-
crete, usually designated as ‘design” models, e.g., [8-11], or “analytical’ models aimed at
reproducing the whole stress-strain curve of confined concrete [12]. Review studies fo-
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cusing on the comparative performance of different design models, e.g., [13,14], assess
the predictive capacity of existing models, based on broad experimental databases.

The potential of mixing different types of fibers in an epoxy resin matrix in order to
obtain a material with the combined advantages and reduced disadvantages of the indi-
vidual components has been investigated since the 1970s [15]. Initial research focused on
mixing glass and carbon fibers to reduce the cost and brittle failure of carbon fibers [16—-
20]. The procedure of incorporating two or more fibers within a single matrix was des-
ignated as “hybridisation’, and the resulting composite is referred to as “hybrid’. Tests on
laminates made of glass and carbon fibers often result in an apparent increase of the
strain at failure, as compared to the ultimate strain of the more brittle non-hybrid com-
ponent/composite, and in a progressive—instead of imminent—type of failure. This be-
havior consists of the “hybrid effect’, as was first reported by Hayashi [20]. The hypothe-
ses formulated regarding the causes of the hybrid effect are well summarized in the re-
view paper of Swolf et al. [21]. Causes of the hybrid effect include (a) residual shrinkage
stresses, attributed to the difference in the thermal contraction behavior of the different
types of fibers, and (b) progressive failure of the individual fiber components, which have
different strength and deformation characteristics and are subjected to the same axial and
lateral deformation.

Lin and Chen [22] from testing concrete cylinders, with diameter 100 mm, and
height 200 mm, and unconfined concrete strength 25 MPa, wrapped by different config-
urations of three layers of glass and carbon fibers, reached the conclusion that higher
axial strength is achieved (5 to 22%) when the glass fibers are in contact with the concrete,
with 22% strength increase corresponding to one layer of GFRP and two layers of GFRP,
while 5% strength increase corresponds to two GFRP and one CFRP layer. Lin and Chen
[22] attributed this behavior to that the brittle carbon fibers are comparatively more liable
to fail than the glass fibers because of the crushed concrete. It is noted that the compres-
sive strength values obtained from the tests are high, compared to other test results from
the literature, possibly because of scale effect given the small dimensions of the cylinders.
Wu et al. [23] studied the effect of one to three layers of FRP jackets on the axial behavior
of concrete cylinders, with diameter 150 mm and height 300 mm, by applying through
wet lay-up process five different fibers, with varying strength and deformation charac-
teristics, i.e., two types of CFRP, aramid FRP, GFRP, and PBO FRP, and observed that a
combination of a high-strength FRP sheet to a high-ductility (i.e., high deformability) FRP
sheet results in an increase of the ultimate strength, while the ultimate strain of the hy-
brid specimen is similar to that of the counterpart specimen confined only with the
high-ductility FRP sheet.

Lately, high-elongation (HE)—or large rupture strain (LRS)—fibers have been de-
veloped, with ultimate strain 5-10%, mixed with conventional low-elongation (LE), fibers
[24], e.g., carbon and glass, aiming at hybrid FRPs with ‘pseudo ductile” performance, i.e.,
in increased deformation after peak strength, owing to the occurrence of damage, which
results in a less brittle failure [25-28]. Pseudo ductility may be achieved, among other
mechanisms, through fiber re-orientation, layer sequence, hybridisation, and interfacial
slip in discontinuous fiber composites [29]. Alternative efficient hybrid materials used for
confinement, with reduced brittleness and low cost, include FRP ropes [30-33], as well as
eco-friendly, recyclable materials [34-36].

Particularly efficient hybrid FRP configurations towards a pseudo ductile behavior
apparently seem to be hybrid composites consisting of stiff fibers in contact with con-
crete, surrounded by a comparatively very flexible material that allows for deformation
after the inner jacket ruptures. Indicatively, Bai et al. [37] and Ispir et al. [38] tested in
compression hybrid jacketed concrete cylinders 150 mm/300 mm, using carbon FRP
(CFRP) or glass FRP (GFRP) as the inner layer, and in the outer layer either LRS FRP
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polyethylene terephthalate (PET) or LRS FRP polyethylene naphthalate (PEN), with
rupture strains, &n, 5 to 10%, and elastic modulus, Es, 10 to 25 GPa. In both cases, the inner
layer, i.e., CFRP (E:¢= 230 GPa, &t = 1.5%) or GFRP (Et = 80 GPa, et = 3%), which provided
stiffness to the retrofitted column, failed first. After failure of the inner layer the outer
LRS FRP layer, with considerably higher deformation capacity, proved sufficient to sus-
tain the energy released after the rupture of the inner FRP layer, and it even carried more
load before failure. Hence, similar hybrid confinement configurations achieve a progres-
sive type of failure, i.e., pseudo ductility. Similar progressive failure of the different in-
dividual FRP components of the jacket was also observed in the tests of Wu et al. [23]. It is
noted that the performance of similar hybrid FRP configurations resides in the substan-
tially different strength and deformation characteristics of the individual FRP materials
and differs from the original ‘hybrid effect’ first reported by Hayashi [20].

FRP jackets can improve considerably the seismic performance of substandard RC
columns, e.g., [39—42]. Hybrid, instead of simple, FRP jackets could be a promising al-
ternative towards ductility enhancement of older RC-frame columns. It has been estab-
lished that comparatively stiffer FRP jackets are more effective in restraining the longi-
tudinal bars from buckling in older columns with sparsely spaced stirrups [43], com-
pared to LRS FRP jackets [44].

Incentive for this study was the very limited available experimental studies re-
garding the behavior of comparatively stiffer hybrid jackets on the compressive behavior
of concrete. The present work studies the compressive performance of concrete wrapped
by jackets consisting of CFRP and GFRP with typical fiber characteristics. Plain concrete
cylinders with dimensions 305 mm height and 152 mm diameter that were wrapped with
one to three glass and/or carbon layers, with different relative positions of the FRP layers,
were subjected to axial compression. The results of this study are promising towards the
application of similar hybrid jackets for retrofitting substandard RC columns.

2. Experimental Program
2.1. Test Specimens

A total of 26 plain concrete cylinders, with height H= 305 mm (12 in) and diameter D
=152 mm (6 in), reinforced by carbon- and glass- fiber-reinforced polymer sheets, CFRP
and GFRP, respectively, were manufactured and subjected to axial compression. FRP
jackets consist of one, two, and three individual FRP layers, each with overlap length
equal to 100 mm. Specimens with a single type of fibers, i.e., only CFRP or only GFRP,
with one, two, and three layers, designated in the following as ‘simple’ or ‘conventional’
jackets, as well as specimens with jackets consisting of both types of fibers, henceforth
designated as ‘hybrid” specimens, were tested. Three identical specimens were prepared
for each fabric configuration.

Specimens’ names depict the configuration of the FRP layers used for the jacket, as
follows: Each layer is represented by the letters C, or G, for carbon and glass fabric layers,
respectively. The first letter designates the FRP layer in contact with the concrete surface,
and the next letters correspond to the sequence of the other layers. The Arabic numeral, 1
to 3, following the letters, indicates the number of the specific specimen, among three
identical specimens. For example, GCC-1 is specimen -1, with a jacket consisting of one
glass layer in contact with concrete, and two more carbon layers.

For the fabrication of FRP jackets unidirectional woven fiber fabrics were used and
dry application process was applied. The direction of the fibers was parallel to the plane
of the cylinder diameter. Prior to the application of the jackets, the concrete surface was
cleaned from loose concrete particles that might reduce bond at the interface between
concrete and the jacket (Figure 1a), then cleaned with water and left to dry. A two-part
epoxy impregnation resin was applied. Epoxy components were meticulously weighed
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to obtain the correct proportions, and they were mixed for 4 min with a mixing spindle
attached to a slow-speed electric drill according to the manufacturer’s guidelines. A clean
container was used each time for mixing. The epoxy was then applied on the cylinder by
means of a roller. Consecutively, the fabric was wrapped manually as tightly as possible
around the epoxy-covered cylinder, and then the fabric was impregnated with epoxy
(Figure 1b). It is noted that no specific measures were taked to ensure that the tightening
of the FRP jacket was identical for all three samples of each jacket configuration, which
may be one of the reasons for the slight variations observed in the compressive

behaviour of each type of specimens.

Figure 1. (a) Elimination of loose particles from the concrete surface before the application of the
FRP; (b) Final impregnation of the FRP jacket with epoxy; (c) Specimen inside the testing rig with
LVDTs ready for testing.

When multiple layers were applied, the same procedure was followed. The over-
lapping length of each layer amounted to 100 mm. If two layers were applied, the overlap
of the second layer was placed at 180 deg. from the first layer. In case of three layers, the
overlap regions of the fabrics were placed at angles of 120 deg.

The jackets in the initially manufactured specimens ended at 40 mm from the
specimen’s edges so as to avoid axial loading of the jacket during testing. Unfortunately,
this resulted in premature failure at the ends of the specimens, before full activation of
the jacket was achieved. Those specimens are not presented in the following. The re-
maining specimens were reinforced by CFRP strips of 40-mm width at both ends prior to
testing, which prevented the end parts from failing prematurely. It is noted that num-
bering of the specimens included in this paper follows the initial numbering.

2.2. Test Set-Up and Instrumentation

The cylinder specimens were subjected to axial monotonic compression by means of
a 3000-kN capacity universal/DMG hydraulic testing machine. Before testing, capping of
both ends of the cylinders was performed, using material of high compressive strength,
to ensure parallel surfaces and uniform distribution of axial pressure. The compression
test speed was in general 40 um/s.

The axial and lateral strains of concrete were recorded by two linear variable dis-
placement transducers (LVDT), adapted to a special testing arrangement at mid-height of
the cylinder (Figure 1c).

2.3. Material Properties

Ready mix concrete was used. All specimens were cast simultaneously. The concrete
compressive strength, fo, was 24.5 MPa, and the corresponding axial strain, €o, was
0.0018, determined from three 152/305-mm cylinder samples at the time the test program
was performed.
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Unidirectional woven fiber fabrics, namely carbon SikaWrap-230 C and glass Si-
kaWrap-430G, were used. The properties of the FRP materials as provided by the man-
ufacturer are shown on Table 1. It is noted that the ultimate strains at failure, s, are cal-
culated as the ratio of the tensile strength to the modulus of elasticity.

A two-part epoxy impregnation resin was applied, Sikadur-330, with tensile
strength equal to 30 MPa, tensile modulus of elasticity E = 4.5 GPa, and ultimate strain at
failure e« = 0.9%. Dry lay-up process was performed.

Table 1. Mechanical properties of dry fiber sheets.

Tensile Tensile Modu- Fabric Design Ultimate Average
FRP Type  Strength fi lus of Elasticity Thickness, tf  Strain & Weight

(MPa) Ef (GPa) (mm) (%) gr/m?
carbon 4300 MPa 234 0.131 1.84 230
glass 2300 MPa 76 0.172 3.03 445

3. Experimental Results —Discussion

FRP jackets with fibers oriented along the hoop direction provide passive confine-
ment of concrete, through the activation of the FRP forces in the hoop direction, fi, fol-
lowing the lateral expansion of concrete. Equilibrium of forces of the free body diagram
shown in Figure 2 results in the relationship between the lateral confining pressure, f,
and the hoop stresses, f;, of the FRP, described by Equation (1) [4]. The effectiveness of the
lateral confinement is expected to increase proportionately to the stiffness of the FRP
jacket:

— M

Ji

where fi are the lateral confining stresses at the section level, Efis the modulus of elasticity
of the FRP, ¢fis the FRP strain, fris the thickness of the FRP jacket, and D is the diameter
of the column.

Figure 2. Confining action of an FRP-jacketed concrete circular column subjected to compression.

In order to better evaluate the confining properties of a jacket configuration, the
volumetric response should also be examined. In a triaxial state of stress, the volumetric
strain, v, is calculated from Equation (2) [4]:

£, =&, +2¢ ()
where & is the volumetric strain, ¢ is the axial strain, and ¢ is the lateral strain.

3.1. Failure Mode
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Specimens with a simple CFRP jacket failed suddenly. The CFRP jacket ruptured, in
general, along a vertical continuous line, as can be observed in Figure 3b,c.

In specimens with a simple GFRP jacket, the failure procedure was gradual and
could be detected. When the axial load was about 70% of the peak value, sounds were
heard attributed to local failure of GFRP fibers. The observed rupture surface of the FRP
jacket was not along a single vertical line, as in the case of CFRP jackets, but in different
locations in the hoop direction along the height, as shown in Figure 4.

In hybrid jackets, consisting of the combination of CFRP and GFRP sheets, as a rule,
failure occurred in a more gradual manner compared to simple CFRP jackets. However,
significant debonding between CFRP and GFRP sheets was observed in the case of
specimens GC, GGC, and GCC, in which the more flexible GFRP sheet was located in
contact with concrete, as shown in Figure 5. In this case, the CFRP jacket, with en=1.8%,
ruptured first, and the bond stresses at the interface between the two types of fiber sheets
were not sufficient to sustain the shear stresses developed. Because of debonding, the
failure surface of the GFRP sheets did not coincide in general to that of the CFRP sheets.

No debonding was observed in hybrid specimens CG, in which the CFRP jacket was
placed in contact with concrete. The failure surface was along a vertical line, similar to
that of CFRP specimens (Figure 6a,b) with noises precursor to FRP rupture, similar to
GFRP jackets.

Also, no debonding was observed in the case of GCG specimens, in which the CFRP
layer is between two GFRP layers. The jacket ruptured at different locations along the
height, similar to simple GFRP jackets. Among the hybrid configurations tested, CGC
jackets appeared to result in a more ductile type of failure.

The occurrence of debonding in the tests of this study may be partly attributed to the
location of CFRP exteriorly to GFRP. Another factor might be the dry lay-up process used
for manufacturing the specimens. It was established that in case of dry layout process, a
comparatively increased maturing time, with respect to that prescribed by manufactur-
ers, is required in order to avoid debonding at the overlap length of a jacket, contrary to
the wet lay-up process [45].

(a) C-4 (b) CC-3 c) CCC-3

Figure 3. Failure modes of specimens with one to three layers of CFRP jacket.
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(a) G-3 (b) GG-2 (c) GGG-3

Figure 4. Failure modes of specimens with one to three layers of GFRP jacket.

(a) GC-3 (b) GGC-2 GCC-3

Figure 5. Failure modes of hybrid specimens in which debonding was observed between different
layers of FRP.

(a) CG-1 (b) CG-3 (c) GCG-3

Figure 6. Failure of hybrid specimens in which no debonding between different FRP layers oc-
curred.

3.2. Axial Strength and Strain Relationships

Tables 2 and 3 present the experimental results for the single-type FRP-jacketed
specimens and the hybrid specimens, respectively. Only the specimens that did not fail
prematurely because of un-strengthened ends are presented. The tables display the peak
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axial stress, fuexp, and the corresponding maximum axial and lateral strains, &wex, and
Emexp, TEspectively.

The experimental stress-strain curves are provided for each FRP configuration
tested. Figures 7-10 depict the curves of the axial stress against the lateral strains (on the
left side of the chart) and the axial strains (on the right side of the chart) of typical con-
figurations tested. The values of axial and lateral strains correspond to the measurements
provided by the vertical and horizontal LVDTs situated in the testing rig shown in Figure
lc.

Figure 7a,b shows the stress-strain relationships of simple jackets with one to three
layers of CFRP and GFRP, respectively. In both charts, the stress-strain curves of un-
confined concrete (UC) are also depicted. As expected from Equation (1), for the same
type of FRP, an increased number of layers in the jacket results in increased confinement
and, hence, in enhancement in strength and deformation capacity. CFRP jackets result in
increased peak axial stress as compared to specimens with similar layers of GFRP jacket
because of the relatively increased stiffness of the CFRP jacket. It is noted that for speci-
mens GGG the lateral displacements are not available because of malfunctioning of the
LVDT.

Table 2. Test results of single-FRP-wrapped specimens.

Specimen fenexp (MPa) Ecuexp (%) Eexp (%) Elexpl €fu?
C-3 41.8 1.36 1.36 0.74
C4 421 1.57 1.57 0.85
G-2 30.7 0.79 N.A.1 N.A.1
G-3 31.3 1.04 1.60 0.53

CC-2 55.6 1.79 1.21 0.66
CC-3 50.6 1.46 1.11 0.60
GG-1 46.6 1.85 1.83 0.60
GG-2 47.2 2.08 2.20 0.73
GG-3 48.2 2.04 1.96 0.65
CCc-2 64.9 2.38 1.13 0.61
CCC-3 734 2.54 1.33 0.72
GGG-1 53.5 1.71 N.A.1 N.A.1
GGG-3 57.1 2.26 N.A.1 N.A.!

! not available; 2 €5 = rupture strain of fibers from the manufacturer, see Table 1.

Table 3. Test results of hybrid-FRP specimens.

Specimen fenexp (MPa) Ecuexp (%) Eexp (%) Elexpl €fu 2
GC-2 52.0 1.77 1.29 0.70
GC-3 52.1 1.98 1.37 0.74
CG-1 53.5 2.12 1.59 0.86
CG-3 49.7 1.84 1.51 0.82

GCC-1 63.8 N.A.1 N.A.1 N.A.1
GCC-2 63.6 2.58 1.38 0.75
GCC-3 61.7 2.20 1.31 0.71
GCG-1 61.2 2.16 1.61 0.88
GCG-2 63.0 1.91 N.A.1 N.A.1
CCG-3 63.8 2.59 1.52 0.83
GGC-1 60.3 2.30 1.62 0.88
GGC-2 60.9 2.44 1.56 0.85
GGC-3 57.7 2.18 141 0.77

! not available; 2 et = rupture strain of CFRP fibers from the manufacturer.
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Figure 8a displays the axial stress-strain curves for hybrid specimens CG and GC.
Locating the CFRP jacket in contact with concrete in specimen CG-1 seems to result in a
slightly more ductile behavior as compared to specimen GC-3, in which the CFRP jacket
is the outer layer. Figure 8b compares the stress-strain relationship of hybrid specimens
with three FRP jackets, i.e., two GFRP layers and one CFRP layer, but in a different
stacking order. Specimen GCG-3, in which the CFRP layer is sandwiched between the
GFRP layers, seems to result in an enhanced behavior, compared to specimen GGC-2, in
which CFRP consists of the outer layer with two inner GFRP layers. It is noted that both
hybrid FRP configurations, CG and GCG, which had a slightly better performance than
their counterpart specimens (see Figure 8), ruptured without any debonding between
consecutive FRP layers (Figure 6).

70 + 60 T
65 + . . 55 + GGG:'?:__.,....,
60 1 50 1
55 T+ -~ T
sT GG-3  T°. .-~ GG-3
50 + . ,
—_ & 40 +
45
I =
£ 35 ¢
S 40 + - 63
§35 L § 30 T
B30 1 f 25 +
- ©
g 25 T % 204
20 +
15 +
15 +
10 4+ 10 +
5T Lateral Strain Axial Strain 5T Lateral Strain Axial Strain
0 t t + + t + + + + + t 1 0 + t + t u 1 t + u + t 1
20 -16 -12 -08 -04 00 0.4 0.8 12 16 2.0 2.4 2.8 24 20 -16 -12 -08 -04 0.0 0.4 0.8 1.2 1.6 2.0 24
Strain (%) Strain (%)
(a) (b)
Figure 7. Experimental curves depicting axial stress (in MPa) in the vertical axis versus axial and
lateral strain in the horizontal axis for specimens with simple jackets: (a) Specimens with one to
three layers of CFRP; (b) Specimens with one to three layers of GFRP. Note: UC corresponds to the
control concrete specimens without FRP jacket.
70 T
60 T
65 T
55 +
60 T+
50 +
55 T+
45 5o 4
T 40 | =
a 45 +
s s
P 2 40 4
w w
L 301 $ 35 +
& g
< 25T 2 30 +
z 251
<< 20 + é 25
20 T+
15 +
15 +
10 +
10 +
s 1 _ S
L | Axial Strain 1 .
) ateral Strain 5 Lateral Strain Axial Strain
f ' ‘ f i i t f f ; f 0 t . t } } } } } . t } i
20 -6 -2 -08 -04 00 04 08 12 16 20 24 20 -16 -12 -08 04 00 04 08 12 16 20 24 28
1 0,
Strain (%) Strain (%)
(@) (b)

Figure 8. Experimental curves depicting axial stress (in MPa) in the vertical axis versus axial and
lateral strain in the horizontal axis for specimens with hybrid jackets: (a) Specimens with one CFRP
and one GFRP layer; (b) Specimens with two GFRP and one CFRP layer.

Figure 9a displays the axial stress-strain curves for the simple and hybrid specimens
with two layers of FRP. According to the stress-strain curves, the most effective con-
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finement in terms of axial strength is the jacket consisting of two CFRP layers, and the
least effective is the jacket consisting of two GFRP layers, with the hybrid specimens
having an intermediate performance. For the same specimens, Figure 9b shows the rela-
tionship between the axial strain and the volumetric strain calculated according to Equa-
tion (2). Comparison between the four specimens demonstrates that hybrid specimens
GC-3 and CG-1 had a similar—though slightly inferior—confining performance, as
compared to CC-2, in terms of overall volume reduction, in contrast with specimen GG-3,
in which the stresses in the FRP jacket were not sufficient to curtail volume expansion.

60 T

-2.00 +
3T Volume Expansion GG-3 N
50 4 4175 +
45 +
-1.50 +
g 40 + :\;
= == 1
— 35 + < 1.25
& 30 o
£ & 100 +
£ 25+ g
8 Z
2 2071 g 075 ¢
=2
1 o
1 > -0.50 +
10 1
5 | 025 +
Lateral Strain Axial Strain olo 0.2
0 + + + t + + + + t t t i 0.00 \
-24 -20 -16 -12 -08 -04 0.0 0.4 0.8 1.2 1.6 2.0 2.4 S . .
. ) Axial Strain (%)
Strain (%) 025 1 Volume Reduction
(a) (b)

Figure 9. Experimental stress-strain curves for specimens with two FRP layers in different config-
urations: (a) Curves depicting axial stress (in MPa) in the vertical axis versus axial and lateral strain
in the horizontal axis; (b) Curves of volumetric stain in the vertical axis (calculated from Equation

(2)) versus axial strain in the horizontal axis.

Figure 10a,b displays the axial stress-strain curves and the axial-volumetric strain
curves for the simple and hybrid specimens with three layers of FRP. According to the
stress-strain curves, the most effective confinement is the jacket consisting of three CFRP
layers, and the least effective is the jacket consisting of three GFRP layers, with the hybrid
specimens having an intermediate performance. However, according to the volumet-
ric-axial strain plots in Figure 10b, it may be observed that (a) hybrid specimen GCC-2
results in practically the same volume reduction as specimen CCC-3 for similar axial
strains, and (b) the hoop stresses induced by both jackets achieve in curtailing volume
expansion and in reversing its direction, leading to volume reduction. Furthermore,
among GCG-3 and GGC-2 hybrid specimens, GCG-3 results in more volume reduction,
though none of those FRP configurations sufficed to reverse volume expansion.
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Figure 10. Experimental stress-strain curves for specimens with three FRP layers in different con-

figurations: (a) Curves depicting axial stress (in MPa) in the vertical axis versus axial and lateral

strain in the horizontal axis; (b) Curves depicting the volumetric stain (calculated from Equation

(2)) in vertical axis versus axial strain in horizontal axis.

Table 4 displays the average values for peak axial strength, feuex, and corresponding

axial and lateral strains for the identical FRP configurations tested. The axial stiffness,
Erts, of each jacket, calculated as the sum of the stiffnesses of all jackets > E Gty is also
i

included in Table 4.

Table 4. Experimental average numerical values of identical simple and hybrid-FRP specimens.

Specimen (f;;‘l:;) fucalfr o emonlen ot eucplen o (l\f/fm; |
C 42.0 1.71 1.47 8.14 1.47 0.80 30,654
G 31.0 1.27 0.92 5.08 1.60 0.53 13,072
cC 53.1 217 1.63 9.03 1.16 0.63 61,308
GG 47.3 1.93 1.99 11.31 2.00 0.66 26,144
CCC 69.2 2.82 2.46 13.67 1.23 0.67 91,962
GGG 55.3 2.26 1.99 11.03 N.A.1 N.A.1 39,216
GC 52.1 2.12 1.88 10.42 1.33 0.72 43,726
CG 51.6 2.11 1.98 11.00 1.55 0.84 43,726
GCC 63.0 2.57 2.39 13.28 1.35 0.73 74,380
GCG 62.7 2.56 2.22 12.33 1.57 0.85 56,798
GGC 59.6 2.43 2.31 12.81 1.53 0.83 56,798

I not available; 2 for simple jackets et = rupture strain of fibers from the manufacturer; % for hybrid

jackets efu = rupture strain of CFRP fibers from the manufacturer; fo=24.5 MPa is the unconfined

concrete strength; e.0=0.018 is the axial strain corresponding to fo of the unconfined concrete.

Figure 11a,b depicts the average ratios of peak confined axial strength and axial

strain, normalized by the respective values of unconfined concrete. In both charts the

axial stiffness of each jacket, E: - t: is also depicted.
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Figure 11. Average experimental values between identical specimens depicting on the left axis in
bar charts: (a) Ratios of axial confined strength, foexp, to the unconfined concrete strength fe; (b)
Ratios of maximum axial strain, émexp, to peak unconfined concrete stain, €. The right axis in both

figures displays in linear chart the axial stiffness Er - ff (in N/mm) of each FRP jacket tested.

Hybrid specimens CG and GC result in similar confined strength as specimen CC, to
higher axial strain, €cu.ex, than CC (similar to specimen GG), while the value of the lateral
strain, em.exp, is between the respective values of specimens CC and GG. Hybrid specimens
GCG result in similar strength and slightly lower axial strain, €cwex, as compared to
specimen GCC.

Regarding the stacking order of FRP layers, specimens CG and GCG perform
slightly better than specimens GC and GGC, respectively. This observation is in contrast
to the conclusion of Lin and Chen [22] that better performance is achieved when GFRP is
located close to concrete. It is noted that in their tests on hybrid specimens, Ispir et al. [38]
also placed the CFRP layer close to concrete, however, without having tested an alterna-
tive stacking order.

3.3. Lateral Strain Efficiency Factor of the FRP Jackets Tested

The ratio of the measured strain in the hoop direction at rupture of the FRP jackets,
€m,exp, to the FRP rupture strain, ¢s, provided by the manufacturer, based on flat coupon
tests, is known as the lateral strain efficiency factor, ke, derived from Equation (3) [46].
This factor is expected to be less than 1, owing to imperfections in the application pro-
cedure, occasional irregularities in the concrete substrate, the FRP overlap region, etc.
[4,8,46—48]. The closer to unit this ratio is, the more profit of the FRP sheets for the con-
finement of concrete is made.

The value of €iexp, usually measured from strain gages along the mid-height section,
has been found to vary considerably along the same section [49-51], and also among
different researchers. In the present study, lateral strains, €mexp, correspond to the re-
cordings of the lateral LVDT at peak load. Tables 2 and 3 include the values éu,exp of all the
individual specimens, and Table 4 includes the average values, €iexp, between identical
specimens, for each different FRP configuration studied.

To calculate the lateral strain efficiency ratio, ke, for the simple FRP jackets the rup-
ture strain, €5, is assumed to be equal to that provided by the manufacturer, i.e., for CFRP
£1=0.0184 and for GFRP &:=0.0303 (see Table 1). For hybrid specimens &u=0.0184, it is
assumed that rupture will be determined by the CFRP layer, which has smaller elonga-
tion capacity compared to GFRP. The ratios &mex/éf are shown in Tables 2 and 3 for the
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simple and hybrid jackets. The averaged values, emexp/és, for each FRP configuration are
included in Table 4.

eoff = 3)

It is observed that the presence of GFRP layers in hybrid specimens results in in-
creased lateral expansion, which also causes enhanced activation of the included CFRP
layer.

4. Analytical Predictions—Discussion

The most significant parameters in design models are the peak confined compres-
sive stress, fa, and the corresponding axial strain, eu. Practically in all models, the con-
fined concrete strength, fu, is derived as a function of the lateral confining pressure, fi,
induced by the FRP, as shown in Figure 1. Models differ in the values of the numerical
parameters involved. Apparently different models may result in similar estimation of the
confined concrete characteristics when applied to estimate test results, as has been
pointed out by Moretti et al. [52], especially if they are calibrated against a large test da-
tabase.

Proposed Design Model

In order to reliably estimate the peak confined concrete strength, fo, and the corre-
sponding axial strain, e, a number of models from the literature have been applied, in-
cluding [8,53-56], all developed for FRP jackets with a simple type of fibers. The best
predictions were obtained by the model of Wei and Wu [53], with &= ¢ as given from
the manufacturer, i.e., kgy= 1. It is noted that a number of available design models, e.g.,
[4,54,56], use a reduced strain of the FRP at failure, by adopting a lateral strain efficiency
ratio (see Section 3.3), often the one that was obtained from their own tests. In the
proposed model the confined compressive strength, fu, is calculated according to Equa-
tion (4), where fu is the corresponding lateral confining pressure at failure and f. is the
unconfined concrete strength.

0.73
&=o.5+2.7[&] (4)
Jeo

co

Lateral pressure, fir, for jackets consisting of a single type of FRP sheets is calculated
from Equation (5a), where Eris the FRP elastic modulus, ¢f is the FRP strain at failure as
provided by the manufacturer (kes= 1), tris the total thickness of the jacket, and D is the
section diameter.

fu == (52)

For hybrid jackets the use of Equation (5b) is proposed to determine fi.. The contri-
bution of the individual layers is added separately, because all layers in the jacket are
assumed to have the same deformation, equal to the lateral deformation of concrete
measured at mid-height of the specimen. The value of rupture strain, s, is assumed to be
equal to that of CFRP, as provided from the manufacturer. The absence of slippage
between the concrete and the epoxy polymer matrix prior to peak load validates this
assumption:

S = %Z(Ef ) € (5b)
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where Ef and tiare elastic modulus and the thickness of i FRP layer, and &5 is the mini-
mum rupture strain of the FRPs in the jacket, as provided by the manufacturer.

It is noted that different approaches have been proposed by researchers to estimate
the confining performance of hybrid FRP jackets. Ispir and Ilki [38] have applied a con-
cept similar to the one proposed in this study.

The axial strain, e, that corresponds to peak compressive strength, fu, for FRP
confined circular sections with diameter D is calculated from Equation (6):

0.75
Eou =1.75+12(f’”] (@J ©)
g co f;’o

co
where fiu is the lateral pressure from the FRP, and it is calculated from Equation (5a) for

simple jackets and (5b) for hybrid jackets; fz0=30 MPa; fco and e are the concrete strength
and the respective strain for the unconfined concrete.

It is pointed out that the proposed design model serves as a methodology to esti-
mate the peak strength and strain concrete characteristics of the hybrid configurations
tested. More experimental data are needed to verify its general applicability.

Table 5 displays the analytical values fisanal, feu,anal, €cnanar calculated from the model
for the different types of FRP jackets tested. The ratios of the predicted-to-experimental
values for the axial strength and corresponding axial strain are also included. The ex-
perimental values are the averaged ones for each type of jacket (Table 4).

Table 5. Model predictions for the average numerical values of identical specimens.

] Tu,anal eu,anall Ecu,anal Ecuanall
Specimen (JICVIPa) fewanar (MPa) ffc e (%) Eovery
C 7.42 39.9 0.95 1.29 0.88
G 5.21 33.6 1.08 1.06 1.16
CcC 14.84 58.1 1.09 1.95 1.20
GG 10.42 47.7 1.00 1.57 0.79
CCC 22.26 73.9 1.07 2.54 1.03
GGG 15.63 59.9 1.08 2.02 1.02
GC 10.58 48.1 0.92 1.58 0.84
CG 10.58 48.1 0.93 1.58 0.80
GCC 18.04 65.2 1.03 2.21 0.93
GCG 13.74 55.6 0.89 1.86 0.84
GGC 13.74 55.6 0.93 1.86 0.81

fiuanar: lateral pressure calculated from Equations (5a) and (5b) for simple and hybrid jackets, re-
spectively; fa,anar: analytical confined concrete strength from Equation (4); éwanar: analytical peak
axial strain from Equation (6); fw, €t are the concrete strength and the respective strain for the un-

confined concrete.

Figures 12 and 13 display the ratios of the analytical-to-experimental confined
compressive strength, fu, and of the axial strain, e, respectively. It may be observed that
for hybrid specimens, the model underestimates as a rule the experimental values be-
cause (a) the enhanced deformation capacity of the jacket, owing to the hybrid effect in
the presence of GFRP, is not taken into account, and (b) FRP rupture strain was assumed
equal to that of CFRP sheets.

For simple multilayered FRP jackets the model overestimates the experimental val-
ues, because the model does not account for the reduced confining performance of mul-
tiple FRP layers, as compared to a single FRP layer. If k= 0.85 is used in the model for
multiple layers in simple jackets for both types of FRP materials, i.e., for CC, CCC, GG,
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and GGG, the predicted ratios feuanal/feuexp and €cuanal/€cuexp are improved, as may be ob-
served from Figures 12 and 13. It is noted that values ke= 0.60-0.85 have been often
adopted by other researchers, e.g., [8,56], but without making any distinction in the
number of layers in the FRP jacket, to the knowledge of the author.

fcu,anallfcu,exp DOkeff=1 mkeff=0.85
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Figure 12. Average ratios of analytical-to-experimental compressive strength, fcuanal/feu,exp, fOr ket =
1, for the configurations tested. The ratios calculated for analytical predictions using FRP stains at

failure reduced by kert = 0.85 are separately indicated.
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Figure 13. Average ratios of analytical-to-experimental axial strain, &cuanal/€cuexp, for ket = 1, for the
configurations tested. The ratios calculated for analytical predictions using FRP stains at failure

reduced by ket = 0.85 are separately indicated.

It is interesting to observe that specimens GCC and GCG have similar axial strength,
although GCC is supposed to profit 30% higher confining pressure, fi. (see Table 5). Sim-
ilarly, specimens CC and GC display similar experimental axial strength, although CC is
supposed to profit 40% higher confining pressure, fi (see Table 5). In both cases the in-
creased axial strength may be attributed to hybrid effect.

Tables 6 and 7 compare the predictive performance of the proposed model, to that of
three other design models among those considered, namely the models proposed by Wu
and Wei, 2014 [54], Ilki and Kumbasar, 2003 [55], and Lam and Teng, 2003 [8]. The pro-
posed model results in better predictions for the peak axial strength, fo.x, while for the
axial strain, cuep, the model has similar performance as the Ilki-Kumbasar model [55].

It is noted that use of key= 0.85 for simple multilayered jackets (i.e., specimens CC,
CCC, GG, GGQG) results in safer predictions compared to kg = 1 (Figures 12 and 13),
which, however, is not reflected in the statistical indices.
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Table 6. Validation of models’ predictive performance regarding the ultimate axial strength, feuanal.

Model Model Wu and Wei Ilki-Kumbasar Lam and Teng

ke=0.850  keg=1 (2014) [54] (2003) [55] (2003) [8]
Average O (feuanal/feuexp)i 0.97 1 1.04 1.07 0.94
STDEV @ [feuanal/feuexp] 0.06 0.08 0.09 0.09 0.09
MAE @ Y.[abs(fcu,anal = feuexp)/n] 2.89 3.65 4.40 425 4.46
A @ [(feuexp— feuanar)/feuexp] 0.38 0 -0.43 -0.75 0.70

M Average = sum of values/number of values: Z(fcuanal/feuexp)i/n; @ STDEV = standard deviation of
ratios [feuanal/feuexp]; @ MAE = mean absolute error [abs(feuanai— feuexp)/n]; @ A (average deviation) =
[(fewexp = feuanat)/feuexp]; @ ker=0.85 used to reduce & in case of specimens CC, CCC, GG, GGG, as
explained above; where: fu,exp = peak axial stress at the test; fa,ama = analytical confined concrete

strength from Equation (4); n = number of averaged identical FRP configurations tested.

Table 7. Validation of the models’ predictive performance regarding the ultimate axial stain, €cuanal.

Model Model = Wu and Wei Ilki—-Kumbasar Lam and Teng

ker=0.850  ker=1 (2014) [54] (2003) [55] (2003) [8]
Average @ (&cuanal/Ecuexp)i 0.90 0.94 2.80 0.94 0.98
STDEV @ [€cuanal/€cuexp] 0.13 0.15 0.66 0.15 0.20
MAE 6) Y[abs(&cuanal— Ecuexp)/n] 0.28 0.26 3.46 0.26 0.33
A @ [(&cuexp— Ecu,anal)/Ecuexp] 1.11 0.71 -19.78 0.67 0.26

M Average = sum of values/number of values: ¥(&cuanal/€cuexp)i/m; @ STDEV = standard deviation of
ratios [€cuanal/ecuexp]; @) MAE = mean absolute error [abs(&cuanai— ecuexp)/n]; @ A (average deviation) =
[(ecuexp— €cuanal)/ecuexp]; @ kefr=0.85 used to reduce s in case of specimens CC, CCC, GG, GGG, as
explained above; where: caiep= peak axial strain at the test; ecanar= analytical peak axial strain from

Equation (6); n = number of averaged identical FRP configurations tested.

5. Conclusions

The objective of this work was to study the compressive performance of hybrid
jackets consisting of carbon- and glass-fiber-reinforced polymer jackets, CFRP and GFRP,
respectively, in order to explore the potential of their application for the seismic retrofit of
substandard RC columns. Based on the experimental results of 26 plain concrete cylin-
ders wrapped with one to three layers of CFRP and GFRP with different stacking order,
the basic conclusions drawn are summarized in the following.

The presence of GFRP layers in the hybrid specimens results in a more gradual and
ductile failure, compared to the abrupt failure of simple CFRP jackets, and also entails
increased lateral expansion at failure, which results in enhanced activation of the in-
cluded CFRP layer. It was observed that substitution of one layer of CFRP by a layer of
GFRP resulted in similar confined axial strength, compared to the respective specimens
with more CFRP layers: Specimens GCC and GCG have similar axial strength, although
GCC is supposed to benefit 30% higher lateral confining pressure. Similarly, specimens
CC and GC displayed similar axial strength, despite the fact that CC is expected to have
40% higher confining pressure. In both cases, the increased axial strength may be
attributed to the hybrid effect.

Regarding the stacking order of the FRP layers in the jacket, the location of the CFRP
layer in contact with concrete proved to result in better performance, i.e., CG versus GC
specimens. Furthermore, in three-layer jackets, the GFRP layer was more effective when
it was sandwiched between CFRP layers, i.e., GCG versus GGC specimens.

The proposed design model results in good estimation of the confined concrete
strength and axial deformation of the simple and hybrid jacketed specimens of this study.
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The results of the present study demonstrate that the hybrid jackets tested could be
particularly efficient for the retrofit of substandard RC frame columns as they are liable to
reduce the risk of buckling of the longitudinal reinforcement on the one hand, and also to
enhance ductility at the event of failure, by combining the stiffness provided by CFRP
and the ductility attributed to GFRP. Further experimental work on RC columns is
deemed necessary to verify those preliminary findings.
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