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This paper investigates the behavior of basalt fiber-reinforced
polymer (BFRP) confinement on geopolymer concrete (GPC)
cylinders under axial monotonic compression. Results were
compared with glass fiber-reinforced polymer (GFRP) confinement
on GPC cylinders. Effects of confinement on failure mode, stress-
strain behavior, peak axial compressive stress, and ultimate axial
strain of the tested specimens were ascertained and discussed. It
was observed that the confinement of BFRP is more effective than
the GFRP due to the higher elastic modulus and larger rupture
strain of the former. Results were also compared with the existing
stress-strain models for FRP confined ordinary portland cement
concrete (OPC). It was observed that the existing stress-strain
models generally cannot provide accurate predictions of the stress-
strain behavior of FRP confined GPC. It was concluded that BFRP
confined GPC can be considered as a sustainable alternative to the
FRP confined OPC.
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INTRODUCTION

Geopolymer concrete (GPC) is being promoted world-
wide to reduce the carbon footprints of the construction
industry."? As it is well known, cement is a main constituent
and binder used in normal concrete. Its production results
in carbon dioxide emissions of almost the same quantity as
that of cement produced.> Geopolymer concrete is consid-
ered to be a green concrete, which is a sustainable and
environmentally friendly replacement of normal concrete.*
GPC not only reduces the carbon related emissions but also
uses industrial wastes such as fly ash and ground-granulated
blast-furnace slag.’

Geopolymer concrete is observed to be more brittle as
compared to ordinary portland cement concrete (OPC).>°
Pan et al.” also observed that the GPC showed a lower frac-
ture energy and lower ductility than the OPC. Noushini et
al.® observed that the curing condition of the GPC affects the
brittleness of the GPC. They observed that the heat-cured
GPC showed higher strength and lower axial strains at peak
stress than the ambient-cured GPC. Also, the GPC specimens
cured in sealed ambient conditions resulted in a higher axial
strain at peak stress than the heat-cured ones. This observa-
tion was in contradiction to the general understanding that
GPC resulted in lower axial strain at peak stress than the
OPC. One of the main reasons of this general understanding
is that most of the research work directed in the field of GPC
was targeted on heat-cured GPC.

Fiber-reinforced polymer (FRP)-confined GPC columns
provide an attractive alternative to FRP-confined OPC.
The FRP confinement is a source of strength and ductility
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enhancement.”!® A sustainable natural fiber-based FRP
confinement of the GPC will lead to the development of a
complete sustainable replacement to the FRP-confined OPC.
Basalt fiber is a natural fiber that is produced by using basalt
rocks with the help of a melting process without any addition
of further additives.'! Basalt fibers are considered to be with
high strength, high resistance to fire, high chemical resis-
tance, and high impact resistance as compared to E-glass
fibers.!? Basalt fiber-reinforced polymer (BFRP) is consid-
ered a sustainable and environmentally friendly natural
FRP.'3 Therefore, BFRP-confined GPC can be considered as
a sustainable replacement to the conventionally used FRP
(such as glass FRP or GFRP)-confined OPC.

Lokuge and Karunasena'* studied the ductility behavior
of FRP-confined GPC. The study concluded that the stress-
strain behavior of FRP-confined GPC is different from the
FRP confined OPC. Ozbakkaloglu and Xie'” is the only study
on the GPC-filled FRP tubes (GPCFFT). They investigated
the axial stress-strain behavior of GPCFFT and the results
were compared with the OPC-filled FRP tubes (OPCFFT).
The compressive strength of the unconfined GPC and OPC
used in the study was in the range of 20 to 25 MPa (2900 to
3625 psi). It was observed that the increase of strain at peak
stress due to GFRP, carbon FRP (CFRP), and BFRP confine-
ment was less in the GPCFFT than in OPCFFT. The same
observation was made for the strength enhancement except
for the CFRP-confined specimens. The CFRP confinement
behaved differently and strength enhancement with CFRP
confinement was more for GPCFFT than the OPCFFT. This
observation was attributed to the variation in the exper-
imental test results as the difference in average strength
enhancement ratio for CFRP-confined GPC and OPC was
very small.

Ozbakkaloglu and Xie'> modified the previously proposed
ultimate condition prediction equations by Ozbakkaloglu
and Lim'® for FRP-confined OPC to be applicable to the
GPCFFT. The study did not compare the experimental results
with the other existing models for OPC. Also, the modifi-
cation was proposed on the basis of only one experimental
study with relatively low unconfined concrete strengths (that
is, 20 to 25 MPa [2900 to 3625 psi]).

In view of the stated background, it can be observed that
the behavior of FRP-confined GPC can be different than
the FRP-confined OPC. There is a strong need of further
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experimental studies to fully understand the behavior of
BFRP confinement on GPC. Also, the applicability of
existing confinement models of FRP-confined OPC for FRP-
confined GPC needs further investigation. This study was
conducted to ascertain the behavior of FRP-confined GPC
under axial compression and the results were compared with
the existing confinement models for the FRP-confined OPC.
The test parameters adopted were the number of FRP layers
and type of the FRP confinement.

RESEARCH SIGNIFICANCE

This study will be helpful in understanding the behavior
of a newly proposed compression member, BFRP-confined
geopolymer concrete. Also, this study will provide a base-
line to the further research in the development of a confine-
ment model for this sustainable compression member. This
in turn will address the sustainability challenges in the
construction industry.

MATERIALS
Geopolymer concrete (GPC)

Ambient cured GPC with a target strength of 45 MPa
(6526 psi) was prepared in the laboratory. Trial tests were
conducted to develop the mixture design of the GPC. The
GPC mixture design proposed by Hadi et al.!” was used as
the baseline. Further trial tests were conducted to modify the
same mixture design for the particular materials used in this
study. The GPC mixture proportions adopted in this study
are presented in Table 1. The alkali to binder ratio in the
proposed mixture design was 0.35 and sodium silicate to
sodium hydroxide ratio was 2.5. The total water-binder ratio
was fixed as 0.25 in the proposed mixture design. Material
properties of the GPC constituents are described as follows:

Class “F” low calcium fly ash was used as a binder in the
GPC matrix. The quantity of fly ash used in the GPC was
60% of the total binder content by weight. The fly ash was
provided by Boral Australia.'® Ground-granulated blast-
furnace slag (GGBFS) was also used as a binder in the GPC
matrix. The GGBFS used in this study was provided by the
Australasian Slag Association.!” The GGBFS was 40% of
the total binder content by weight. Alkaline solution was
used in the GPC for activating the binders. A mixture of
sodium hydroxide (NaOH) and sodium silicate solution was
used as an alkaline activator in this study. The concentration
of NaOH solution was 14 M.

Coarse aggregates with a maximum size of 10 mm (0.394 in.)
were used. Coarse aggregates were washed and air-dried.
River sand was used as fine aggregate in the mixture. A super-
plasticizer (high-range water-reducing admixture [HRWRA])
was provided by BASF Chemicals Australia,?’ and was used
to increase the workability and the setting time of GPC. The
HRWRA is based on polycarboxylate ether polymer.

Fiber-reinforced polymer (FRP)

Two types of FRP were used in the study. Basalt FRP used
in this study was manufactured using 540 g/m? (7.6 x 10 1b/
in.?) unidirectional basalt fabric provided by the Basalt fiber
tech Australia.?! Glass FRP was manufactured using 460 g/
m? (6.5 x 10~ 1b/in.?) unidirectional E-glass fabric.
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Table 1—Geopolymer concrete mixture proportions

Material Quantity, kg/m?
Fly ash 270
GGBFS 180
Coarse aggregates 1294
Sand 552
14 M NaOH solution 45
Na,SiO; 113
Water 92
HRWRA 35

Note: 1 kg/m?=3.61 x 107 Ib/in.?

The tensile strength of the FRP coupons was ascertained
as per ASTM D7565/D7565M-10.22 Large pieces of fabric
were cut and placed on a smooth surface for the manufac-
turing of FRP coupons. Epoxy resin was used with hard-
ener in the ratio 1:5 by weight as recommended by the
manufacturer.”> Wet layup procedure was used. Resin was
applied using a brush. A plastic scrapper was used to remove
the extra resin from each layer. Five coupons of 300 mm
(11.8 in.) length and 30 mm (1.18 in.) width of each type of
FRP (that is, BFRP and GFRP) were prepared. Aluminum
tabs of 70 mm (2.75 in.) length and 30 mm (1.18 in.) width
with a thickness of 3 mm (0.12 in.) were glued at the edges
of the FRP coupons. Two component high-strength glue was
used to stick the aluminum tabs with FRP coupons. Three
strain gauges of 20 mm (0.79 in.) length were installed on
each FRP coupon. Two strain gauges were installed on one
face of the FRP coupon. One strain gauge was installed at
the center on the other face of each FRP coupon.

Tensile behavior of the FRP coupons was tested in the
500 kN (112,404.4 1b) Instron universal testing machine
at the Civil Engineering High Bay Labs in the University
of Wollongong, Australia. Aluminum tabs installed on the
FRP coupons were clamped by the machine jaws on each
edge. Tension was applied at displacement-controlled
loading rate of 2 mm/minute (0.078 in./minute) as recom-
mended by ASTM D7565/D7565M-10.22 Readings of
strain gauges were recorded continuously by a data logging
system connected to the machine. Test results are presented
in Table 2. The FRP sheet thickness was calculated by the
properties of the fabric as provided by the manufacturer. Test
results showed that the tensile strength, rupture strain, and
modulus of elasticity of BFRP is higher than the GFRP. The
average tensile strength of BFRP coupons was almost 60%
higher than the GFRP specimens. The average modulus of
elasticity of BFRP was recorded as 13.6% higher than the
GFRP. Similarly, the rupture strain of BFRP was 43% higher
than the GFRP. Except the rupture strain of BFRP, the coeffi-
cient of variation for all the test results was in the range from
0.95% to 2.73%. The coefficient of variation for the rupture
strain of BFRP was 7.31%.

TEST MATRIX
Twenty-one GPC specimens were prepared and tested.
The diameter and the height of the specimens were 153 mm
(6 in.) and 306 mm (12 in.), respectively. Table 3 presents
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Table 2—Average physical and mechanical
properties of FRP materials

Material GFRP BFRP

Thickness per layer, mm 0.165 0.178
Average tensile strength, MPa 1252 2002
Coefficient of variation, % 1.72 1.06

Average modulus of elasticity, MPa 79,128 89,914
Coeflicient of variation, % 2.00 0.95

Average rupture strain 0.0172 0.0246
Coefficient of variation, % 2.73 7.31

Note: 1 MPa = 145.03 psi; | mm = 0.0394 in.

the test matrix developed for this study. Seven groups of
specimens were developed. Group “R” consisted of the
reference or unconfined GPC specimens. Groups “G-27,
“G-4”, and “G-6” consisted of the GPC specimens confined
with two, four, and six layers of GFRP, respectively. Simi-
larly, Groups “B-2”, “B-4 and “B-6" consisted of the GPC
specimens confined with two, four, and six layers BFRP,
respectively. Each group consists of three nominally iden-
tical specimens. The alphabet in the specimen designation
shows the type of FRP confinement—that is, B for BFRP,
G for GFRP, and R for reference or unconfined specimens.
Numeric digit after the “-” sign shows the number of layers
of FRP. Roman numerals used in the specimen designation
are used to differentiate the three identical specimens in each
group. For example, B-2-I is the first specimen of the group
with two layers of BFRP confinement.

SPECIMENS PREPARATION

The GPC was cast and poured in the polyvinyl chloride
(PVC) pipes. The PVC pipes of 153 mm (6 in.) diameter and
306 mm (12 in.) height were cut and installed on a wooden
pallet to act as a mold. Sodium hydroxide pellets were
mixed in water 18 to 20 hours before the concrete prepa-
ration. Almost 35 minutes before concrete mixing, alkaline
solution was prepared by adding sodium silicate solution in
the sodium hydroxide solution. The dry constituents were
thoroughly mixed in the mixer first and then the alkaline
solution was added in the mixture. After 100 seconds, water
and HRWRA were added to the concrete mixture. The GPC
was mixed until it became homogeneous. The slump of the
prepared GPC was 116 mm (4.56 in.).

The GPC was then poured into the PVC molds and vibrated
with a poker vibrator. Top of the cylinders were finished and
covered with the polyethylene sheet to avoid the loss of
moisture. The GPC specimens were cured at room tempera-
ture in the PVC molds. After 28 days, the PVC mold was
cut and removed to get the GPC specimen out of the mold.
The specimens were left at room temperature in the lab for
24 hours. Basalt and glass fiber sheets were first impregnated
with the epoxy resin using a plastic scrapper. The saturated
fiber sheets were then applied on the GPC cylinders. An
overlap of 150 mm (6 in.) was provided during wrapping the
FRP around GPC specimens to avoid debonding.
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Table 3—Test matrix

Group designation | Specimen designation | FRP type | No. of layers
R-1 Nil Nil
R R-2 Nil Nil
R-3 Nil Nil
G-2-1 Glass 2
G-2 G-2-11 Glass 2
G-2-111 Glass 2
G-4-1 Glass 4
G-4 G-4-11 Glass 4
G-4-111 Glass 4
G-6-1 Glass 6
G-6 G-6-11 Glass 6
G-6-111 Glass 6
B-2-1 Basalt 2
B-2 B-2-1I Basalt 2
B-2-111 Basalt 2
B-4-1 Basalt 4
B-4 B-4-1I Basalt 4
B-4-111 Basalt 4
B-6-1 Basalt 6
B-6 B-6-11 Basalt 6
B-6-111 Basalt 6
INSTRUMENTATION

For each cylinder specimen, two linear variable displace-
ment transducers (LVDT) were placed between the platens
of the compression testing machine. Additionally, a
compressometer with four LVDTs was also used to measure
the axial deformation. The compressometer with LVDTs
was centered at the midheight of the cylinder with a gauge
length of 166 mm (6.53 in.). For each cylinder wrapped with
FRP, three strain gauges were placed at the midheight of the
cylinder in the hoop direction to measure the circumferen-
tial strain. The strain gauges used were of 20 mm (0.787 in.)
gauge length. The strain gauges were placed 90 degrees
apart from each other along the circumference outside the
overlapping zone. Figure 1 shows a typical instrumented
test specimen.

AXIAL COMPRESSION TEST

Axial compression test on the prepared specimens was
conducted as per AS 1012.9-2014.2* A compression testing
machine with a loading capacity of 5000 kN (1,124,044.7 1b)
was used for the test. A displacement-controlled load at a rate
of 0.2 mm/minute (0.0078 in./minute) was applied. All the
LVDTs and strain gauges were connected to a data logging
system to record the readings continuously.

RESULTS AND DISCUSSION
Test results are tabulated in Table 4. Failure modes, stress-
strain behavior, effect of type of FRP on axial compressive
strength, effect of number of FRP layers on compressive
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strength, effect of FRP type on ultimate axial strain, and
effect of number of FRP layers on ultimate axial strain of the
specimens are discussed in the following.

Failure modes

Typical failure modes for all the groups of specimens tested
are presented in Fig. 2. Figure 2(a) shows the failure mode of
unconfined or reference specimen. In the unconfined GPC
specimen, localized microcracks were initiated and resulted
in the complete failure of the specimen at peak load. All the
FRP confined GPC specimens failed due to the rupture of
FRP at the mid-height of the specimen with a loud noise. This
behavior is quite similar to the FRP-confined OPC.

Figure 2(b) to (g) shows the typical failure mode of the
FRP-confined GPC specimens. For all the FRP-confined
GPC specimens, light cracking sounds were heard before the
complete rupture. Those light sounds were the indication of
the localized cracking of the FRP jacket and those localized
cracks then led to the development of a large crack with a loud
noise. The duration of these slight noises was longer for the
BFRP-confined specimens than the GFRP-confined specimens.

Stress-strain behavior

Figures 3 and 4 show the axial stress-strain behavior of all
the specimens confined with GFRP and BFRP, respectively.
Typical axial stress-axial strain behavior of unconfined or
reference specimen is also shown in both the figures for
comparison. It can be observed that except Groups G-2 and

Table 4—Test results of axial compression tests

B-2, all the GFRP- and BFRP-confined specimens showed a
strain-hardening response. This is due to the lower confine-
ment pressures of Group G-2 and B-2.

Fig. I—TDypical instrumented test specimens.

Group ID Specimen ID feo's MPa Eco» Y0 fo', MPa Eeur Y0 € rups Y0 fi» MPa o lfeo 1ol EeulEeo
R-I 4431 0.33 — — — — — — —
R R-IT 48.99 0.37 — — — — — — —
R-IIT 45.58 0.32 —_ —_ —_ —_ —_ — —_
G-2-1 56.2 0.67 0.73 5.9 1.21 9.57 1.95
G-2 G-2-11 46.29 0.34 55.6 0.83 0.76 5.9 1.20 9.46 241
G-2-11I 57.9 0.77 0.71 5.9 1.25 9.85 2.21
G-4-1 62.8 1.17 1.59 11.8 1.36 5.34 3.38
G-4 G-4-11 46.29 0.34 67.4 1.18 1.47 11.8 1.46 5.73 3.41
G-4-111 67.6 0.96 1.51 11.8 1.46 5.75 2.76
G-6-1 87.1 1.33 1.63 17.6 1.88 4.94 3.84
G-6 G-6-11 46.29 0.34 90.2 1.30 1.69 17.6 1.95 5.12 3.75
G-6-111 85.8 1.16 1.61 17.6 1.85 4.86 3.35
B-2-1 57.0 1.18 1.72 10.3 1.23 5.52 3.40
B-2 B-2-11 46.29 0.34 54.3 0.94 1.69 10.3 1.17 5.26 2.72
B-2-111 55.1 1.18 1.71 10.3 1.19 5.34 3.42
B-4-1 79.6 1.72 1.44 20.7 1.72 3.85 4.95
B-4 B-4-11 46.29 0.34 80.2 1.30 1.47 20.7 1.73 3.88 3.75
B-4-111 84.5 1.50 1.70 20.7 1.82 4.09 4.32
B-6-1 106.7 2.27 1.81 31.0 2.30 3.44 6.55
B-6 B-6-11 46.29 0.34 113.2 2.47 1.91 31.0 2.45 3.65 7.13
B-6-111 112.1 2.49 1.76 31.0 242 3.62 7.19

Note: 1 MPa = 145.03 psi.
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(e) B-2

(f) B-4

(g) B-6
Fig. 2—Typical failure modes of all groups.

Figure 5 shows the comparison of stress-strain curves of
Groups G-6 and B-6. It can be observed that both Groups G-6
and B-6 shows a bilinear strain hardening response. There are
two distinct regions of the stress-strain curve: first nonlinear
region based on the modulus of elasticity of the GPC and
second linear region based on FRP confinement effective-
ness. There is a transition region between the two regions
and can be defined as the region where the curve changes the
slope. Figure 5 also shows that both the groups—that is, G-6
and B-6—have the same slope of the first region and a similar
transition region. The slope of the second region is also
similar for both the groups but the peak points are different.
Group G-6 showed lower peak strength and ultimate strain
than Group B-6. This is due to the lower tensile strength and
rupture strain of the GFRP as compared to the BFRP.

Figure 6 shows the comparison of stress-strain curves of
Groups G-4 and B-4. It can be observed that the stress-strain
curves of both the groups showed three regions. The first
nonlinear region is similar to that of Groups G-6 and B-6.
After that, there is a transition region where the axial strain
increased but the strength increase was not observed. For
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Fig. 3—Axial and lateral stress-strain response of
GFRP-confined GPC specimens.
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Fig. 4—Axial and lateral stress-strain response of
BFRP-confined GPC specimens.
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Fig. 5—Stress-strain curves of Groups G-6 and B-6.
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Fig. 7—Stress-strain curves of Groups G-2 and B-2.

some of the specimens, the stress even decreased in this
region. This can be due to the disintegration of the confined
GPC and readjustment of stresses between the GPC and
the external FRP confinement. In the third region of stress-
strain curves, the slope of the curve increased as compared
to the second region and stress increase is observed with
the increase in strain. In this region, the FRP confinement
became active and successfully confined the GPC until the
rupture of FRP.

Figure 7 shows the comparison of stress-strain curves of
Groups G-2 and B-2. It can be observed that both the groups
resulted in stress-strain curves with strain softening response.
The latter can be defined as the response of the stress-strain
curve where the ultimate stress of FRP-confined concrete
is lower than the peak stress of FRP-confined concrete.
There are three regions of the stress strain curves of both
the groups: 1) first nonlinear region based on the modulus
of elasticity of GPC; 2) second transition region, where the
peak stress of the FRP-confined GPC is observed and after
that the stress decreased; and 3) third region after the tran-
sition region where the stress is approximately constant or
experienced a slight decrease with increase in strain until the
rupture point of FRP.
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Fig. 8—Confinement effectiveness of test specimens.

Typical behavior of the stress-strain curve for the
presented results is similar to the FRP-confined OPC. The
major difference observed is the transition stress after the
first region. The transition stress can be defined as the stress
at which the slope of the curve starts to change signifi-
cantly. The approximate transition stress locations for all
the curves were highlighted in Fig. 5 through 7. In FRP-
confined OPC, the transition stress occurs approximately
near the peak stress of unconfined concrete. However, in
the present study, it is observed that in FRP-confined GPC,
this transition stress is higher than unconfined GPC strength.
Similar stress-strain behavior was observed by Oliveira et
al.?® for FRP confined high-strength OPC. This shows that
the stress-strain behavior of the FRP-confined normal-
strength GPC is similar to the FRP-confined high-strength
OPC. Also, Lokuge and Karunasena'* observed that the
stress-strain behavior of FRP-confined GPC was similar to
the FRP-confined high-strength OPC. This phenomenon was
not observed for the geopolymer concrete-filled FRP tubes
as reported by Ozbakkaloglu and Xie.'> This difference in
the behavior is believed to be at least partially due to the
unconfined geopolymer concrete strength. The strength of
the GPC reported in Ozbakkaloglu and Xie'® was approxi-
mately 25 MPa (3625 psi) and the compressive strength of
the GPC used in this study is in the range of 44 to 49 MPa
(6381 to 7106 psi).

Effect of type of FRP on compressive strength
Both the types of FRP used in the study resulted in the
increase of the compressive strength of the GPC. Figure 8
shows the strength enhancement in terms of f..'/f.,". Terms
f..' and £, are the peak compressive stress of confined GPC
and unconfined GPC, respectively. It can be observed that
Group B-2 resulted in the least strength enhancement and
Group B-6 resulted in the highest strength enhancement.
Groups G-2 and B-2 resulted in 22% and 19% average
increase in GPC strength, respectively. Despite the lower
confinement pressure, Group G-2 resulted in higher increase
as compared to Group B-2. This can be due to the scatter
of the test results. Groups G-4 and B-4 resulted in 42% and
75% average increase in GPC strength, respectively. Groups
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Fig. 9—Confinement effectiveness in comparison with
confinement pressure for tested specimens.

G-6 and B-6 resulted in 89% and 139% average increase in
GPC strength, respectively. This can be due to the higher
elastic modulus and rupture strain of BFRP than GFRP.

Term f, is known as the actual maximum confinement
pressure provided by the FRP and can be determined using
Eq. (1). The maximum confinement pressure f; can be deter-
mined by replacing the hoop rupture strain of FRP in Eq. (1)
with the ultimate tensile strain of FRP in coupon test.

2B 18
la D
where f}, is the actual maximum confinement pressure; Ej,
is modulus of elasticity of FRP; # is thickness of FRP; €, 4,
is the average hoop rupture strain of FRP; and D is diameter
of the specimen.

Figure 9 shows the confinement effectiveness in relation to
the confinement pressure (f;.' — f.,)/fi. for all the specimens.
It can be observed that despite the fact that Group B-2 has
higher confinement pressure (f,), the strength enhancement
is more in Group G-2. The groups with a greater number
of layers—that is, higher confinement pressure (f;,)—shows
the opposite behavior. It can be observed from Fig. 9 that
Groups B-4 and B-6 showed the higher confinement effec-
tiveness than Groups G-4 and G-6, respectively. This is an
indication that leads to the observation that BFRP confine-
ment on geopolymer concrete resulted in a higher strength
enhancement than the GFRP confinement, which might be
attributed to the higher modulus of elasticity and rupture
strain of BFRP than GFRP.

(1)

Effect of number of FRP layers on compressive
strength

Generally, the increase in number of layers of FRP confine-
ment on concrete increases the compressive strength. The
same was observed for FRP confinement on GPC. Average
compressive strength of Groups G-4 and G-6 is 16% and
54% higher than Group G-2. Similarly, average compressive
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Fig. 10—Axial strain enhancement of tested specimens.

strength of Groups B-4 and B-6 is 46% and 99% higher than
Group B-2. This shows that the increase in compressive
strength with the number of FRP layers is more pronounced
for BFRP confinement on GPC than GFRP confinement
on GPC. This can be due to the higher tensile strength and
rupture strain of BFRP as compared to GFRP.

Effect of FRP type on ultimate axial strain

Both GFRP and BFRP confinement resulted in the increase
in ultimate axial compressive strain of FRP confined GPC
than the unconfined GPC. Strain enhancement ratio (e./
€.), Which is defined as the ratio of ultimate strain of FRP
confined GPC (g.,) to the strain of unconfined GPC at peak
stress (&), is plotted in Fig. 10 for all the specimens. It
can be observed that Group G-2 resulted in the least strain
enhancement and Group B-6 resulted in the highest strain
enhancement. This observation can be supported by the fact
that the BFRP has higher rupture strain than GFRP, which
leads to the delay in the FRP jacket rupture and enhancement
of axial strain. The hoop rupture strains of the FRP-confined
GPC are lower than their ultimate tensile rupture strain.
According to ACI 440.2R,?® this is due to the existence of
a multiaxial stress state in case of FRP confined concrete as
compared to the FRP coupon tensile test.

Groups G-2 and B-2 resulted in 119% and 218% average
increase in average strain at peak stress of unconfined
GPC, respectively. Similarly, Groups G-4, B-4, G-6, and
B-6 resulted in 218%, 334%, 264%, and 595% increase in
average strain at peak stress of unconfined GPC, respec-
tively. It can be observed that Group B-4 shows the higher
strain enhancement than Group G-6. This shows that BFRP
confinement is more effective in increasing the ultimate axial
strain of the FRP-confined GPC than the GFRP confinement.
This can be due to the higher rupture strain of BFRP than
GFRP.

Effect of number of FRP layers on ultimate
axial strain

Average ultimate axial strains of Groups G-4 and G-6 are
45% and 66% higher than the average ultimate axial strain of
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Table 5—Comparison of predicted peak axial compressive stress by existing models with experimental

Predicted £,/ by existing confinement models for FRP-confined normal concrete, MPa
Experimental Karbhari | Samaan et | Cheng | Lam and | Wuet | Berthet et | Tamuzs et | Youssef et | Benzaid et | Wei and
Group | Specimen fi's MPa and Gao*? al.® etal’* | Teng? | al.® al.? al.® al.”® al.¥’ Wu

G-2-1 56 61 66 59 55 58 55 60 53 50 61

G-2 G-2-11 56 61 66 59 55 58 55 60 53 50 61
G-2-111 58 61 66 59 54 58 55 60 53 50 61

G-4-1 63 74 78 72 82 70 84 74 63 64 74

G-4 G-4-11 67 74 78 72 79 70 81 74 63 62 74
G-4-111 68 74 78 72 80 70 82 74 63 63 74

G-6-1 87 85 88 85 101 82 104 89 74 73 87

G-6 G-6-11 90 85 88 85 103 82 106 89 74 74 87
G-6-111 86 85 88 85 101 82 103 89 74 73 87

B-2-1 57 70 75 69 70 67 71 71 60 58 71

B-2 B-2-11 54 70 75 69 70 67 71 71 60 58 71
B-2-1I1 55 70 75 69 70 67 71 71 60 58 71

B-4-1 80 90 93 91 86 88 88 96 80 66 94

B-4 B-4-11 80 90 93 91 87 88 89 96 80 66 94
B-4-111 84 90 93 91 93 88 96 96 80 69 94
B-6-1 107 109 108 114 122 108 125 120 102 83 116
B-6 B-6-11 113 109 108 114 126 108 129 120 102 85 116
B-6-111 112 109 108 114 119 108 123 120 102 82 116
Average absolute error, % 11 15 9 15 8 17 13 7 13 12

Note: 1 MPa = 145.03 psi

Group G-2. Similarly, average ultimate axial strains of Groups
B-4 and B-6 are 36% and 118% higher than the average ulti-
mate axial strain of Group B-2. This shows that the increase
in strain enhancement with the increase in the number of FRP
layers is more pronounced in the case of BFRP confinement
on GPC than the GFRP confinement on GPC.

COMPARISON WITH EXISTING CONFINEMENT
MODELS OF FRP-CONFINED NORMAL CONCRETE
Peak axial compressive stress

Several stress-strain models have been proposed for
FRP-confined normal concrete.?62® Most of the proposed
models are capable to predict the ultimate conditions of
the FRP-confined normal concrete. In this part of the study,
the experimental test results for peak compressive stress of
FRP-confined GPC were compared with the existing models
for FRP confined OPC, as shown in Table 5.

The average absolute error (AAE) was also calculated
and tabulated in Table 5 for each model. A comparison of
prediction accuracy of peak axial compressive stress with
each confinement model is shown in Fig. 11(a). It can be
observed that among all the tested models, Youssef et al.?®
is the best performing model for the prediction of peak axial
compressive stress of FRP confined GPC. Also, Berthet et
al.? is the least accurate among all the tested models.

Axial strain at peak compressive stress

Models for FRP-confined normal concrete also provide
the prediction of axial strain at peak compressive stress. The
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Fig. 11—Comparison of average absolute error in prediction
of existing confinement models for: (a) peak axial compres-
sive stress, and (b) axial compressive strain at peak stress.
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Table 6—Comparison of predicted peak axial strain by existing models with experimental

Predicted &' by existing confinement models for FRP confined normal concrete, %
Group Specimen Experimental €./, % Samaan et al.*? Lam and Teng?’ Wu et al.¥ Youssef et al.? Benzaid et al.’”

G-2-1 0.67 1.00 0.82 0.79 0.72 0.83

G-2 G-2-11 0.83 0.92 0.83 0.79 0.72 0.84
G-2-11I 0.77 1.22 0.81 0.79 0.72 0.83

G-4-1 1.17 1.24 1.53 1.24 1.10 1.31

G-4 G-4-11 1.18 1.70 1.46 1.24 1.10 1.26
G-4-111 0.96 1.71 1.48 1.24 1.10 1.28

G-6-1 1.33 2.83 2.03 1.62 1.48 1.64

G-6 G-6-11 1.30 3.08 2.08 1.62 1.48 1.68
G-6-111 1.16 2.72 2.01 1.62 1.48 1.63

B-2-1 1.18 0.85 1.33 1.63 1.12 1.10

B-2 B-2-11 0.94 0.52 1.32 1.63 1.12 1.10
B-2-11I 1.18 0.62 1.32 1.63 1.12 1.10

B-4-1 1.72 2.38 1.81 2.58 1.90 1.38

B-4 B-4-11 1.30 2.44 1.84 2.58 1.90 1.39
B-4-111 1.50 2.83 2.03 2.58 1.90 1.50

B-6-1 2.27 3.61 2.88 3.37 2.69 1.99

B-6 B-6-11 2.47 4.25 2.89 3.26 2.57 1.99
B-6-111 2.49 4.00 2.82 3.37 2.69 1.95

Average absolute error, % 77 36 39 16 19

experimental test results for axial strain at peak compres-
sive stress of FRP-confined GPC were compared with the
existing models for FRP-confined normal concrete. Table 6
shows the comparison of experimental axial strain at peak
compressive stress for FRP-confined GPC with the values
of the same as predicted by different existing confinement
models for FRP confined normal concrete.

A comparison of prediction accuracy of axial strain at
peak compressive stress with each confinement model is
shown in Fig. 11(b). It can be observed that among all the
tested models, Youssef et al.?® is the best performing model
for the prediction of axial strain at peak compressive stress
of FRP-confined GPC.

Lateral strain-axial strain curves

Lateral strain-axial strain relationship is an important
parameter in the analysis-oriented confinement models.*
Figure 12 shows the experimental lateral strain-axial strain
curves of the tested specimens. The experimental curves
were compared with the lateral strain-axial strain curves
predicted for each group by Jiang and Teng®!' for FRP-con-
fined OPC. Jiang and Teng®! presented Eq. (2) as the lateral
strain-axial strain relationship for FRP-confined OPC.

q)[__‘c‘/J :8_6/(1+gi]
8['0 8&'0 -f;()v
0.7
- 0.85 [1 +0.75 (_—SZH —exp[—7 (_—gfﬂ
SCG 8(.‘0
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2)

where ¢, is strain of confined concrete at any particular
confinement pressure; €., is strain at peak stress of uncon-
fined concrete; ¢, is lateral strain = —¢,; f;,' is peak stress of
unconfined concrete; o, is lateral confinement pressure =
Egpte/R; Epy, is modulus of elasticity of FRP; ¢ is thickness
of FRP; ¢, is hoop strain of FRP in confined concrete; R is
radius of concrete specimen.

It can be observed from Fig. 12 that the prediction accu-
racy of the relationship proposed by Jiang and Teng’! is
higher for the groups with lower confinement pressure than
the other groups of same FRP type.

Stress-strain curves

Stress-strain curves for FRP-confined normal concrete can
be predicted with the existing confinement models avail-
able. It should be noted that currently there is no confine-
ment model available to predict the stress-strain curve of
FRP-confined GPC. Models proposed for the FRP-con-
fined normal concrete were used to predict the stress-strain
curves of FRP-confined GPC in this study. The predicted
stress-strain curves were compared with the experimental
stress-strain curves to determine the applicability of existing
confinement models for FRP-confined OPC to the FRP-con-
fined GPC. From Fig. 11, it can be observed that Youssef et
al.?% is the best performing confinement model among all the
tested models with least average absolute error in the predic-
tion of ultimate conditions of FRP-confined GPC. Therefore,
stress-strain behavior of FRP-confined GPC predicted by
Youssef et al.?® was compared with the experimental stress-
strain curve. Also, an analysis-oriented model proposed by
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Jiang and Teng®' for FRP-confined OPC was selected to
compare the experimental stress-strain curves.

Figure 13 shows the comparison of experimental stress-
strain curves for FRP-confined GPC with the stress-strain
curves predicted by the Youssef et al.?® and Jiang and Teng.?!
It can be observed that the stress-strain curves predicted by
the existing models are close to the experimental stress-
strain curves for the specimens with low confinement pres-
sure. For the specimens with higher confinement pressure,
the existing models are unable to predict the behavior of
FRP-confined GPC. Also, it can be observed again that the
stress-strain curves of FRP-confined GPC concrete exhib-
ited a higher transition stress.

It can be observed that confinement model proposed by
Youssef et al.?® is capable to predict the ultimate conditions
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of the FRP-confined GPC to a better extent than the model
proposed by Jiang and Teng.*® Validation of this fact cannot
be performed as there is no database related to FRP-confined
GPC with an unconfined GPC strength in the range of 40 to
50 MPa (5800 to 7250 psi) is available.

CONCLUSIONS

The following conclusions are drawn based on the results
and discussion:

1. The same number of layers of BFRP confinement on
GPC resulted in higher peak stress and strain than GFRP
confinement. This is due to the higher mechanical properties
and thickness of the BFRP. However, the increase in peak
compressive stress with respect to the confinement pressure

ACI Structural Journal/January 2021
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was higher for BFRP confinement than GFRP confinement
on GPC.

2. Basalt fiber-reinforced polymer confinement is superior
than GFRP confinement as it is based on a natural mineral
fiber and has better mechanical properties than GFRP. There-
fore, BFRP-confined GPC is presented as a proposed solu-
tion to the sustainability challenges in construction industry.

3. Fiber-reinforced polymer-confined GPC stress-strain
behavior is different than the FRP-confined OPC. A higher
transition stress can be observed in FRP-confined GPC.

4. Existing confinement models for FRP-confined OPC
may be used to predict the peak axial stress and strain at
peak stress but are unable to accurately predict the stress-
strain behavior of FRP-confined GPC.

ACI Structural Journal/January 2021

Further research needs to be conducted on the develop-
ment of a confinement model for FRP-confined geopolymer
concrete.
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