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Abstract

In this study, the load moment (P-M) interaction behavior of geopolymer concrete (GPC) filled
fiber reinforced polymer (FRP) tube circular columns internally reinforced with FRP bars was
analytically investigated. An analytical model for the P-M interaction behavior of the column
was developed and validated against the experimental investigation results. The analytical
model incorporates the confined GPC strength and the contribution of FRP bars in the load and
moment capacities. In addition, a parametric study was conducted to investigate the influence
of the compressive strength of the GPC, longitudinal reinforcement ratio and confinement ratio
on the P-M interaction behavior of the column. The developed analytical model conservatively
predicted the P-M interaction behavior of the column. It was found that the compressive
strength of the GPC, the longitudinal reinforcement ratio and the confinement ratio
significantly influenced the P-M interaction behavior of the column. All the tested parameters
resulted in the linear increase of load and moment capacities with the increase in the tested

parameter.

Keywords: Columns; analytical model; Geopolymer concrete; FRP reinforcement; FRP tube;

P-M interaction.

1. Introduction

Concrete is a widely utilized material in the construction industry around the globe [1]. With
an increase in the development of the infrastructure across the world, the utilization of concrete
is also increasing [2]. The annual global utilization of concrete is estimated to be approximately
ten billion tons [3]. The Ordinary Portland cement (OPC) is a primary component of
conventional concrete. The manufacturing process of OPC contributes to the overall carbon
dioxide (CO2) emissions in the atmosphere [4]. The CO2 emission leads to global warming,

which is recognized as a threat to the sustainable development of the world [5]. Approximately,
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one ton of OPC manufacturing results in one ton of CO2 emission [6]. Also, the overall

manufacturing of OPC contributes to 5% to 7% of the annual CO2 emissions globally [7].

Geopolymer concrete (GPC) was developed in an attempt to replace the OPC concrete (OPCC)
and reduce the environmental impacts cuased by the construction industry [8-10]. Geopolymer
concrete can be prepared by the fusion of alumina-silicate binders with the alkaline activator.
Also, the industrial wastes or by-products, including fly ash (FA) and ground granulated blast
furnace slag (GGBFS), can be utilized in the production of GPC [11-13]. Considering GPC as
green concrete, research studies around the world are focused on exploring the new avenues of

practical applications of GPC in structural members [14, 15].

The durability of steel reinforced concrete (RC) columns is a major concern due to the
susceptibility of the corrosion of steel reinforcement in aggressive environments [16]. Fiber
reinforced polymer (FRP) reinforcement was developed with a motive to address the durability
issues of RC structures by replacing steel reinforcement with FRP reinforcement. The FRP
reinforcement exhibits higher corrosion resistance, higher tensile strength, and lower weight
than the equivalent steel reinforcement [17, 18]. Several studies explored the behavior of the
FRP reinforcing bars in OPCC and GPC columns [19-23]. The mechanical properties of FRP
reinforcement differ than that of the steel reinforcement. Higher tensile strength and lower
elastic modulus are obtained by the FRP reinforcement than the steel reinforcement [24]. The
difference in the mechanical properties results in the variance in the behavior of steel reinforced

and FRP bars reinforced concrete columns.

Concrete filled FRP tube (CFFT) columns have arisen as an attractive alternative to the steel
bar RC columns [25]. The GPC and high strength concrete (HSC) are considered brittle
concrete [26, 27]. The use of CFFT enhances the ultimate concrete compressive strain, which

improves the ductility of GPC and other HSC [26]. In addition, the use of CFFT offers added
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advantages, including the use of left-in-place formwork and ease in the construction of
columns. Moreover, CFFT columns exhibit higher strength and ductility than the steel bar RC
columns [25, 28]. Hadi et al. [29] investigated the behavior of GPC filled basalt FRP (BFRP)
tube circular column internally reinforced with BFRP bars. Hadi et al. [29] highlighted that the
BFRP reinforced GPC filled BFRP tube column was a suitable alternative to the steel bar
reinforced OPCC column with high corrosion resistance and ductility, contributing to the
development of sustainable infrastructure. The use of GPC, BFRP bars and BFRP tube in place
of OPCC, steel bars and steel helices, respectively, increased the sustainability, corrosion

resistance and ductility of the column.

Columns are primarily designed to resist axial compressive loads. However, in practice,
columns may experience the combination of axial compressive load and moments. The
moments may be produced as a result of vertical misalignment or geometric imperfections or
the position of the column in the structure [30]. The combination of axial and flexural loads on
a column influences the compressive behavior of the column and thus requires investigation.
However, a limited number of research studies were conducted on the load-moment (P-M)
interaction behavior of CFFT circular columns internally reinforced with FRP bars [31-33].
These studies presented the methodology to develop the P-M interaction behavior of FRP
reinforced OPCC filled FRP tube columns. Recent studies on FRP confined GPC conducted
by Ozbakkaloglu and Xie [34], Lokuge and Karunasena [35] and Ahmad et al. [36] concluded
that the behavior of FRP confined GPC was different from the behavior of FRP confined
OPCC. Hence, it is significantly important to investigate the P-M interaction behavior of the

FRP reinforced GPC filled FRP tube columns for its wide practical applications.

The P-M interaction behavior of the FRP reinforced GPC filled FRP tube circular column has
not been explored in the available literature. Also, investigations are required to understand the
influence of different parameters on the P-M interaction behavior of the GPC filled FRP tube
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circular columns internally reinforced with FRP bars. Hence, the aim of this research study is
to present a procedure for the development of the P-M interaction behavior of the steel
reinforced GPC circular columns and FRP reinforced geopolymer concrete filled FRP tube
circular columns for developing future design guidelines. The proposed analytical approach
was developed, adopting the layer-by-layer numerical integration method. The analytical
results were validated against the results of the experimental study conducted by Hadi et al.
[29] and Ahmad et al. [37]. Also, a parametric study was conducted to ascertain the effect of
compressive strength of GPC and the ratio of longitudinal reinforcement on the P-M interaction

behavior of the FRP reinforced GPC filled FRP tube column.

2. Analytical modeling

2.1 Modeling of steel reinforced GPC

The concrete in the steel reinforced GPC circular columns was modeled as unconfined
concrete, ignoring the contribution of steel helices. This is because the contribution of steel
helices in confining the concrete up to the yielding of steel reinforcement is very limited.
Hence, the contribution of the steel helices is ignored in the calculation of load and moment

capacity of the columns [38].

2.1.1 Modeling of unconfined GPC

The GPC in the steel reinforced GPC columns was modeled based on the stress-strain model
of GPC presented by Sarker [39]. The model is presented in Egs. (1) and (2). The same model

was also used by Farhan et al. [40] for steel reinforced GPC.

fe zn 1

fl, n—1+4zmk D
SC

2= )
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where f: and ec are the stress and strain, respectively, at any point on the stress-strain curve; feo'
and & are the unconfined concrete compressive strength and corresponding strain,
respectively, as defined in ACI 440.2R-17 [41]; n and k are the curve fitting factor and shape
factor, respectively, which control the shape of ascending and descending segments of the

stress-strain curve. The factor » was calculated using Eq. (3), as suggested in Sarker [39].

feo
— 0.8 422 3
n 08+12 (3)

The strain at unconfined concrete strength (ec0) and k were calculated as per Collins and

Mitchell [42] and expressed by Eq. (4) to Eq. (6).

o= (29 (2) @

k=1 for z<1 &)

k:O.67+j;C—; for z>1 (6)

The recommendation in Hardjito et al. [43] was used for the calculation of the modulus of

elasticity of GPC (Eq. 7).

Egpe = 2707 /f%, + 5300 (MPa) (7)

2.1.2 Modeling of steel reinforcement

The stress in the steel bar (f;) was determined using the elastic modulus and the strain in the
steel bar (es), as presented in Eq. (8). It is noted that the relationship shown in Eq. (8) is based

on the elastic perfectly plastic behavior of the steel bar.

fs = Es&s < fy (8)

where f, and E;s are the yield stress and the elastic modulus of the steel bar, respectively.
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2.2 Modeling of FRP reinforced GPC filled FRP tube columns

The GPC in the FRP reinforced GPC filled FRP tube circular columns was modeled as the

confined geopolymer concrete.

2.2.1 Modeling of confined GPC

The stress-strain model for FRP confined GPC is not available in the literature. Ahmad et al.
[36] tested FRP confined GPC and compared the test results with different confinement models
available for FRP confined OPCC. Ahmad et al. [36] reported that the model presented in
Youssef et al. [44] for FRP confined OPCC was able to predict the peak compressive stress
and corresponding strain of FRP confined GPC with the least average absolute error. Also, the
stress-strain curve of the FRP confined GPC developed using Youssef et al. [44] model was
close to the experimental stress-strain curve of the FRP confined GPC. Thus, the model
suggested in Youssef et al. [44] with a few modifications was adopted in this study for
modeling the behavior of FRP confined GPC. One of the modifications was replacing the
elastic modulus of OPCC with the elastic modulus of GPC, which was determined using Eq.
(7). Also, Lam and Teng [45] observed that the use of actual maximum confinement pressure
of the FRP confinement could result in better prediction of confined concrete behavior, as
compared to the use of maximum confinement pressure. The actual maximum confinement
pressure is based on the hoop rupture strain of the FRP confinement. The maximum
confinement pressure provided by the FRP tube in the model proposed by Youssef et al. [44]
was replaced with the actual maximum confinement pressure, which can be calculated based

on the recommendation in ACI 440.2R-17 [41].

Youssefet al. [44] presented the stress-strain model for FRP confined OPCC with two branches

and is expressed by Egs. (9) and (10).
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fe = €cEgpec [1 B 5(1 e )(E)n’_l] o 0= =s ®

Egpc/ \&t
fe = fi + Ex(ec — &) for £ S € S &y (10)
where fc, ec, Egrc and E: are the stress at any point of confined GPC, strain at any point of
confined GPC, modulus of elasticity of GPC determined from Eq. (7) and slope of the second
branch of the stress-strain curve, respectively. The stress and strain at the transition point
between the two branches of the stress-strain curve are denoted by f; and &, respectively. The
factor n'is the curve fitting factor and can be determined from Eq. (11).

n = (Egpc — E2)&;
Egpce: — ft

(11)

The stress and strain at the transition point can be determined using Egs. (12) and (13),

respectively.

) ) p E € 1.25
fi = fl +3f (M) (12)
feo
6 1
Eq & 7 2
g, = 0.002748 + 0.1169 (pf”’ AL tfrp) (ff”’> (13)
fco Efrp

where fiip, psip and egip are the ultimate tensile stress of the FRP tube in the circumferential
direction as determined from the material tests, volumetric ratio of the FRP tube confinement
and strain in the FRP tube at the transition point, respectively. The volumetric ratio of FRP

tube confinement can be determined using Eq. (14).

4t
Pfrp = D (14)

where 7 is the thicknes and D is the diameter of the FRP tube, respectively. The strain in the

FRP tube at the transition point (i) was considered 0.002, as suggested by Youssef et al. [44].

The slope of the second branch of the stress-strain curve can be determined using Eq. (15).

EZ — fcc - fco (15)
Ecu — &t
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The ultimate compressive stress (fe') and ultimate compressive strain (e«) conditions of the

FRP confined GPC were determined with the relationships presented in Egs. (16) and (17),

respectively.

fla 1.25
foe = fio +225f (1) (16)
feo
0.5
€.y = 0.003368 + 0.2590 (fl—“) <fﬂ> (17)
fco Efrp

where fi. is the actual confinement pressure, which can be determined using Eq. (18), as

recommended in ACI 440.2R-17 [41].

2Eq.t
fl,a — frngh,rup (18)
Enrup = ksgfrp (19)

where ennyp 1s the rupture strain of FRP tube in the circumferential direction, which can be
determined by using Eq. (19). In Eq. (19), &#p is the ultimate tensile strain of the FRP tube in
the circumferential direction and k: is the FRP strain efficiency factor, as defined in ACI
440.2R-17 [41]. A value of 0.55 was used for the FRP strain efficiency factor, as recommended

in ACI 440.2R-17 [41].

2.2.2 Modeling of FRP bars

The stress in the FRP reinforcing bar (f3) at a particular strain (e») was determined as a function
of the elastic modulus of the FRP bar (E»). The relationship between stress and strain of the

FRP bar is linear elastic until the rupture of FRP bar and is expressed as Eq. (20).

fo = Ep&p (20)
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3. Analytical load moment interactions

Based on the presented material models, an analytical model for the P-M interaction diagram
of FRP reinforced GPC filled FRP tube column was developed. The development of the

analytical model for the P-M interaction diagram has been briefly discussed below.
3.1 Columns under concentric load

The first point on a P-M interaction diagram is on the load axis representing the column under
concentric axial load. The axial load capacity (Prs) of the steel reinforced GPC column was
calculated using Eq. (21), as suggested in ACI 318-19 [38]. A similar expression was also used

for modelling the steel reinforced geopolymer concrete columns in Farhan et al. [40]

Pos = af/(Ag — As) + fAs 21
where « is the strength reduction factor; f: is the average compressive strength of concrete at
28 days; fy is the yield strength of steel; A¢ represents the gross cross-sectional area of the
column; 4; refers to the cross-sectional area of steel bars, respectively. The axial load capacity
(Pnp) of FRP reinforced GPC filled FRP tube columns was calculated using Eq. (22), developed
based on the recommendations in Maranan et al. [22]. Maranan et al. [22] found that the
contribution of FRP bars by considering the elastic modulus and failure strain of FRP bars
resulted in the most accurate predictions for the nominal capacity of the FRP reinforced GPC
columns. However, the equation proposed by Maranan et al. [22] did not account for the FRP
tube confinement. Therefore, the equation proposed by Maranan et al. [22] has been modified
as Eq. (22) to account for the confined GPC strength in addition to the FRP bars contribution

in the load carrying capacity of the FRP reinforced GPC filled FRP tube columns.

Pup = afic(Ay — Ap) + Eperdy (22)
where A5 is the cross-sectional area of FRP bars and & is the strain in the FRP bar at failure. It

was assumed that the bond between the FRP bar and surrounding GPC is perfect. A similar

10
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assumption was made in several research studies [20, 24, 33]. Therefore, the strain in the FRP
bar at the failure of the column was considered to be equal to e« for the FRP reinforced GPC
filled FRP tube columns. The strength reduction factor (&) of 0.85 has been adopted in
numerous research studies on OPCC columns [20, 31, 32]. However, Maranan et al. [22]
recommended that the strength reduction factor for GPC should be higher than the strength
reduction factor for OPCC. Hence, the strength reduction factor for GPCC was considered as

0.9, based on the recommendation in Maranan et al. [22].

3.2 Columns under eccentric and flexural load

The load and moment capacity of the columns under eccentric and pure bending loads were
determined using the layer-by-layer numerical integration method. This method has been used
in several research studies for the development of P-M interaction curves [24, 31, 33, 40]. The
feasibility of this method to investigate the P-M interaction behavior of the FRP tube confined
FRP reinforced GPC has not been assessed yet. In this method, the cross-section of the column
was assumed to consist of m horizontal layers, as shown in Fig. 1. The accuracy of the result
increases with the reduction in the thickness of the layer. Thus, in this study, the thickness of
each layer was assumed to be 1 mm. Figures 1(a) and 1(b) show the strain, stress and force
distribution along the cross-section of steel reinforced GPC column and FRP reinforced GPC
filled FRP tube column, respectively. The following assumptions were made for developing

the analytical procedure.

a. A plane section remains plane before and after bending.

b. The strain distribution along the cross-section of the column is linear.

c. The strain in a single layer is uniform.

d. The tensile strength of GPC is ignored, as the tensile strength of GPC is significantly lower

than its compressive strength.

11
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e. The compressive strength of FRP tube is ignored, as the majority of the fibers in the tube
were oriented in the hoop direction and did not contribute to the strength in the longitudinal

direction.
f. The bond between steel or FRP bars and surrounding GPC is perfect.
g. The composite action between the FRP tube and GPC is fully developed.

A neutral axis depth (¢) was assumed to start the procedure. The strain at the center of each

layer can be determined using Eq. (23).

c— (i - %) t; 23)

where i is the number of the layer from extreme compression face, # is the thickness of the
layer and ecu 1s the ultimate concrete strain at the extreme compression face. The value of &cu
was used as 0.003 for steel reinforced unconfined GPC columns. Whereas for the FRP tube
confined columns, &« was calculated using Eq. (17). The stress (f:) in each layer of concrete
for steel reinforced GPC columns was calculated using Eq. (1). The fe; for confined GPC in
case of tube confined columns was calculated using the stress-strain model presented in Egs.
(9) and (10). The force resulting in each concrete layer (£e) for steel bar reinforced GPC

columns or FRP tube confined GPC columns was calculated using Eq. (24).

Fei = feidi (24)

where 4; is the area of concrete layer only, which was calculated by multiplying the thickness
of the layer (1 mm in this study) with the average width (b:). The average width (5:) is the width

of the concrete layer, excluding the external FRP tube, which was calculated using Eq. (25).

12
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where ¢ refers to the thickness of the layer; D refers to the diameter of the infill concrete. The
average width for FRP tube confined columns (b,) was calculated using Eq. (25) by replacing
D with D, (outer diameter of FRP tube). For the FRP tube confined GPC columns, the tensile

force due to the FRP tube at mid-height of each layer was determined using Eq. (26).

Fy = Elfrpgci(Ao —4) (26)

where Eiip is the elastic modulus of FRP tube in the longitudinal direction and A4, is the total
area of the layer, including the concrete and the FRP tube, which was determined by
multiplying the total width of the layer (bo) with the thickness of the layer (#). The tensile force
in the concrete was assumed to be zero for the layers under tension. Similarly, the compressive
force (Fu) in the FRP tube was assumed to be zero, where the layers were subjected to
compressive strain. The strain in each reinforcing bar (either steel (es:)) or FRP (e»))) was

calculated using Eq. (27)

R e P @7)

where di is the distance of the reinforcing bar from the extreme compression fiber. The stresses

in each steel and FRP reinforcing bar were calculated using Egs. (28) and (29), respectively.

fsi = Eseg; < fy (28)

foi = Epépi < fou (29)

The forces in each steel bar (Fs;) and FRP bar (F1) were determined using Egs. (30) and (31),

respectively.
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Fg = fsiAsi (30)
Fyi = fpiApi (31)

The areas of the longitudinal steel reinforcing bars and FRP reinforcing bars were taken into
account in the calculation of forces of both the concrete and the reinforcement bars. Therefore,
the contribution of the concrete area substituted by reinforcement bars was deducted from the
load and moment capacities to avoid overestimation. The strain in concrete at the level of
reinforcing bar (ecqi) was calculated using Eq. (27). The stress in the concrete (fsi) at the level
of the respective reinforcing bar was calculated by replacing the respective strain (ecs) in Eq.
(1) for steel reinforcement and Eqs. (9) and (10) for FRP reinforcement. The compressive force
and corresponding moment due to the concrete at the reinforcing bar area were calculated using

Eq. (32) and Eq. (33), respectively.
Feai = feaiAi (32)

D
Mcg; = Feg; (5 - di) (33)

where A; is the area of the steel bar (4s:) or the FRP bar (4»:) at any level, fcdi is the stress at the
level of the steel bar (fsqi) or the FRP bar (fiai), Feai is the force in the area of concrete replaced
by the steel bar (Fsa:) or the FRP bar (Fpai), and Msqi is the moment due to the area of concrete

replaced by the steel bar (Msa) or FRP bar (Mbpai).

The eccentric load capacities of the steel reinforced GPC columns (Pxs) and FRP reinforced

GPC filled FRP tube columns (Px») were determined using Egs. (34) and (35), respectively.

Puo= ) P+ F) + ) Foy= ) Fag (34)

14
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Pay= ) (Fei 4 Fa) + ) Fy= ) Fyay (35)

The moment capacities of the steel reinforced GPC columns (Mas) and the FRP reinforced GPC

filled FRP tube columns (Mq») were calculated by using Egs. (36) and (37), respectively.

oSl Ta ) T o
Mpp = Z(Fci + Fyi) {% - (i - %) ti} + Z Fpi (% - di) - Z Mpa; (37)

The developed methodology was programmed in MS Excel to calculate the load and moment

capacity at a particular eccentricity.
4. Validation of the developed methodology
4.1 Brief description of experimental results

The experimental program used to validate the developed methodology for the P-M interaction
behavior of the FRP reinforced GPC filled FRP tube column consisted of twelve specimens.
The experimental results and the details of the preparation, instrumentation and testing
procedure have already been presented in Hadi et al. [29] and Ahmad et al. [37]. Table 1 shows
the test matrix used in this study. The specimens were classified in three groups. The first group
consisted of the steel reinforced GPC reference (R) columns with 200 mm diameter and 800
mm height. The steel reinforced specimens were reinforced longitudinally with 12 mm
diameter steel bars and transversally with helices of 10 mm plain steel bar with 60 mm pitch.
The second group included BFRP bar reinforced GPC filled BFRP tube columns (BGBT). The
specimens in the second group were reinforced internally with 15 mm diameter longitudinal
BFRP bars. The third group included glass FRP (GFRP) bar reinforced GPC filled GFRP tube

columns (GGGT). The diameter of GFRP bars used for reinforcing the third group was 17 mm.

15
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The internal diameter of both the GFRP and BFRP tubes was 200 mm with a thickness of 1.5
mm. The height of each tube column was 812 mm. Each group consists four specimens. One
specimen from each group was subjected to pure concentric axial load. Two specimens of each
group were subjected to eccentric axial loads: one under 25 mm and one under 50 mm

eccentricity. The last specimen from each group was subjected to pure flexural load.

The average compressive strength of GPC at 28 days was 47 MPa determined by testing the
cylinder of 153 mm diameter and 306 mm height. The steel and FRP bars were tested in tension
in accordance with AS1391-07 [46] and ASTM D7205/D7205M-11 [47], respectively. The
average tensile strength of steel, BFRP and GFRP bars was 650 MPa, 778 MPa and 749 MPa,
respectively. The elastic modulus of BFRP and GFRP bars was 34.3 GPa and 36.8 GPa,
respectively. The FRP bars were also tested in compression as per ASTM D695-15 [48]. The
compressive strength of BFRP and GFRP bars was 517 MPa and 472 MPa, respectively. It can
be observed that the tensile and compressive strength of BFRP bar is higher than the GFRP
bar. However, the elastic modulus of BFRP bar is lower than the GFRP bar. The elastic
modulus of the BFRP and GFRP tubes in the circumferential direction was 42.3 GPa and 57
GPa, respectively, tested in accordance with ASTM D2290-08 [49]. The details of the tests
conducted to determine the mechanical properties of the materials can be found in Hadi et al.

[29] and Ahmad et al. [37].

All the specimens were tested under concentric, eccentric and four-point bending loads. The
experimental test setup, loading mechanism, detailed test results and discussion can be found
in Hadi et al. [29] and Ahmad et al. [37]. It was observed that in the steel reinforced specimens,
the failure started with the spalling of the concrete cover and was followed by the buckling of
the longitudinal steel bars. The rupture of the steel helix and the crushing of the GPC resulted
in the failure of the steel reinforced specimens. In the FRP reinforced GPC filled FRP tube
columns, the failure initiated with the rupture of the internal FRP bars. Afterwards the

16
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specimens experienced the complete failure with the rupture of the FRP tube. Experimental P-
M interaction points were determined for all the specimens. The experimental load and moment
values are shown in Table 2. The experimental P-M interactions were plotted in Fig. 2 for all
three groups of specimens. For concentric and eccentric loaded specimens, the axial load was
determined as the peak load resisted by each specimen. For eccentrically loaded specimens, the

bending moment was determined using Eq. (38)

M =P(e) (3%)
where M, P and e are the moment capacity, peak load and eccentricity, respectively. For the

specimens tested under flexural load, the moment was calculated using Eq. (39)

Pl
M=— 39
c (39)

where P is the peak load experienced by the test specimen under flexural load and / is the span

of the test specimen.

4.2 Comparison of experimental and analytical P-M interactions

Table 2 shows the experimental and analytical loads and moments for each tested specimen.
The experimental P-M interaction points for all the three groups are compared with the
analytical P-M interaction points in Fig. 2. It can be observed from Fig. 2(a) that for Group R,
the stress-strain model presented in Sarker [39] provided reasonable correlations with the
experimental P-M interaction diagram. For Specimens R-0, R-25 and R-50, the analytical axial
loads calculated with the proposed model were 88%, 75% and 80% of the experimental loads,
respectively. Also, the analytical moments calculated with the same model for Specimens R-
25, R-50 and R-F were 76%, 80% and 78% of the experimental moments, respectively. The
difference between the experimental and analytical results might be due to the assumptions

made in this study. Although the contribution of the steel helices was ignored, the steel helices
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might have provided some confinement in increasing the compressive strength of concrete,
which might led to the difference in analytical and experimental capacities. It can be noticed
from Fig. 2(a) that the analytical P-M interaction curve drawn with the developed model
matched well with the experimental P-M interaction curve. This shows that the model
developed in this study is conservative and can be used to design the steel reinforced GPC

columns.

The comparison of the experimental and the analytical P-M interaction diagrams for Groups
BGBT and GGGT is shown in Figs. 2(b) and 2(c), respectively. The analytical load capacity
calculated with the proposed model for Specimens BGBT-0, BGBT-25, BGBT-50, GGGT-0,
GGGT-25 and GGGT-50 was 91%, 95%, 106%, 80%, 87% and 91% of the experimental load
capacity, respectively. This shows that the proposed model conservatively predicted the load

capacity of all the specimens in both the groups except Specimen BGBT-50.

The analytical moment capacities calculated with the proposed model for Specimens BGBT-
25, BGBT-50, BGBT-F, GGGT-25, GGGT-50 and GGGT-F were 95%, 106%, 99%, 87%,
91% and 99% of the experimental moment capacity, respectively. The load and moment
capacities for Specimen BGBT-50 were overestimated by 6%. This might be due to the minor
misalignment and increase in the load eccentricity, which caused the reduction in the
experimental axial load and moment capacities. It is worth noting that because the material
used for longitudinal and transverse reinforcement would affect the overall column
performance, some differences in the column failure modes were anticipated during the
experiments when the GFRP was used instead of BFRP. The brittleness of GFRP bars and
tubes was higher than the birttleness of BFRP bars and tubes, respectively. The increased
brittleness resulted in the earlier rupture of GFRP bars and tubes. This could have possibly
resulted in the initiation of earlier failure of the GFRP reinforced columns as compared to the
BFRP reinforced columns, which resulted in the lower accuracy for GFRP reinforced columns.
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It can be noticed from Fig. 2(b) and Fig. 2(c) that the proposed model reasonably predicted
the load and moment capacities of the FRP reinforced GPC filled FRP tube columns.
Therefore, it can be deduced that the analytical procedure developed using the stress-strain
model of Youssef et al. [44] can be used for the development of the P-M interaction behavior

of FRP reinforced GPC filled FRP tube columns.

5. Parametric study

The developed analytical approach presented in this study was used to conduct a parametric
study. The influence of the compressive strength of GPC (fc'), longitudinal reinforcement ratio
(p) and the confinement ratio (fia/fco) on the P-M interaction behavior of the FRP bar reinforced
GPC filled FRP tube columns was investigated. All the other parameters, including cross-
sectional dimension and height of the column, were used similar to those used in the

experimental study.

5.1 Effect of the compressive strength of GPC

Six different compressive strengths of GPC (30, 40, 50, 60, 70 and 80 MPa) were used to
ascertain the effect on the P-M interaction behavior of the FRP bar reinforced GPC filled FRP
tube column. Figures 3(a) and 3(b) show the effect of the compressive strength of GPC on P-
M interaction behavior of Groups BGBT and GGGT, respectively. As expected, the increase
in the compressive strength of GPC led to an overall increase in the load and moment capacities
of both groups. With the increase of f-' of GPC from 30 MPa to 80 MPa, Groups BGBT and
GGGT experienced an average increase of 58% in the concentric axial load carrying capacity
and 13% in the pure bending moment capacity. Figure 4 and 5 show the variations of the load
and moment capacities of the specimens, respectively, by increasing the compressive strength
of GPC. It can be observed that the relationship of the load and moment capacities with the

compressive strength of GPC is linear. Also, the slope of the curves in Fig. 4 and 5 shows that
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due to the increase in the compressive strength of GPC, the maximum increase was observed
in the concentric load capacity of the specimens, and the minimum increase was observed in
the moment capacity of the specimens tested in four-point bending. It can be attributed to the
fact that the compressive strength of GPC has a dominant role in the axial load carrying
capacity of the column as compared to the pure bending moment capacity of the column. Thus,
the load and moment capacities of the FRP bar reinforced GPC filled FRP tube columns can

be significantly improved with the use of high strength GPC.

5.2 Effect of the longitudinal reinforcement ratio

The longitudinal reinforcement ratio (p) is one of the main parameters in the P-M interaction
behavior of the proposed column type. The minimum and maximum limits of the longitudinal
reinforcement ratio in a column as per ACI 318-19 [38] are 1% and 8%, respectively. Five
different longitudinal reinforcement ratios (1.45%, 2.46%, 3.27%, 5.25% and 7.05%) for
different FRP bar sizes (10 mm, 13 mm, 15 mm, 19 mm and 22 mm) were used to conduct the
parametric study. The longitudinal reinforcement ratios were varied while keeping all the other
parameters constant. A similar approach was adopted to study the effect of longitudinal
reinforcement ratio on the P-M interaction curve in several research studies [20, 24, 31, 32,
40]. The influence of the longitudinal reinforcement ratio on the P-M interaction behavior of
Group BGBT and GGGT is shown in Figs. 6(a) and 6(b), respectively. It can be observed that
Groups BGBT and GGGT experienced an average increase of 31% in the concentric load
capacity and 41% in the pure bending capacity when the p was increased from 1.45% to 7.05%.
Figures 7 and 8 show the variation of the load and moment capacities of the specimens,
respectively, with the increase in the reinforcement ratio. It can be observed that the
relationship of the reinforcement ratio with the load and moment capacities is linear. The
enhancement of pure bending capacity with the increase of the reinforcement ratio was
significant. This is because, under pure bending conditions, the internal FRP bars were in
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tension and the tensile strength of FRP bar is higher than its compressive strength. In addition,
it can be noticed that with the increase in p, Groups BGBT and GGGT showed almost a similar

increase in the load and moment capacities of both the groups.

5.3 Effect of the confinement ratio

The confinement ratio (fia/fco) also influences the load and moment capacities of the confined
specimens. Five different confinement ratios (0.1, 0.15, 0.2, 0.25 and 0.3) were used to
ascertain its effect on the P-M interaction behavior of the FRP bar reinforced GPC filled FRP
tube columns. The confinement ratios were selected to satisfy the condition of minimum
confinement ratio for developing a strain hardening response. The ACI 440.2R-17 [41]
recommended a minimum confinement ratio of 0.08 to assure a non-descending second branch
of the stress-strain curve. The confinement ratios were varied while keeping all the other
parameters constant. The influence of the confinement ratio on the P-M interaction behavior of
Group BGBT and GGGT is shown in Figs. 9(a) and 9(b), respectively. It can be observed that
Groups BGBT and GGGT experienced an average increase of 45% in the concentric load
capacity and 57% in the pure bending capacity when the fi./fco increased from 0.1 to 0.3. Also,
Fig. 10 and Fig. 11 show that the load and moment capacities of the specimens increased
linearly with the increase in the confinement ratio. The increase in the load and moment
capacities due to the increase in the confinement ratio is due to the increase in the confined
concrete strength and confined concrete strain. The increase in confined concrete strain also
led to the increase in the FRP bar strain and thus resulted in a higher increase in the bending
capacity as compared to the concentric load capacity. A similar observation was reported by
Karim et al. [50] for the GFRP reinforced columns confined with GFRP helices. It was also
observed that both Groups BGBT and GGGT experienced almost a similar increase in P-M
capacities with an equal increase in the confinement ratio. This shows that the behaviors of
Group BGBT and GGGT are similar under low and high confinement pressures.
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6. Conclusions

This study investigated the P-M interaction behavior of the GPC filled FRP tube columns
internally reinforced with FRP bars. The layer-by-layer numerical integration approach was
used. The theoretical approach was validated against the experimental results. In addition, a
parametric study was carried out to understand the effects of the compressive strength of GPC
and longitudinal reinforcement ratio on the P-M interaction behavior of the column. The

conclusions deduced from the study are summarized as follows:

1. An analytical model was developed in this study to predict the P-M interaction behavior of
the FRP reinforced GPC filled FRP tube columns. The developed model is capable of
predicting the load and moment capacities of the FRP reinforced GPC filled FRP tube columns

with a reasonable accuracy.

2. The increase of compressive strength of GPC from 30 MPa to 80 MPa resulted in an average
increase of about 58% in the axial load capacity and 13% in pure bending capacity of the FRP

reinforced GPC filled FRP tube columns.

3. The average increase in the moment capacities of the FRP reinforced GPC filled FRP tube
columns was approximately 41%, with the increase of longitudinal reinforcement ratio from
1.45% to 7.05%. Also, the analytical investigation revealed that the increase in moment
capacities for BFRP and GFRP reinforced specimens was similar for the increase of the same

amount of longitudinal reinforcement.

4. The increase of confinement ratio from 0.1 to 0.3 resulted in an average increase of 45% in
the load carrying capacity and 57% in the moment capacity of the FRP reinforced GPC filled
FRP tube columns. The P-M behaviors of the BFRP and GFRP reinforced specimens were

similar to each other under both low and high confinement pressures.
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Table 1: Test matrix

Group Specimen  Longitudinal Lateral Loading
designation designation reinforcement confinement eccentricity

R-0 0

R-25 . 25

R R-50 Steel bars Steel helix 50
R-F Flexure

BGBT-0 0

BGBT-25 25

BGBT BGBT-50 BFRP bars BFRP tube 50
BGBT-F Flexure

GGGT-0 0

GGGT-25 25

GGGT GGGT-50 GFRP bars GFRP tube 50
GGGT-F Flexure

Table 2: Experimental and analytical peak loads and moments

Specimen Experimental Analytical
designation Load Moment Load Moment
(kKN) (kN.m) (kN) (kKN.m)
R-0 1946 0 1707 0
R-25 1207 30 912 23
R-50 694 35 555 28
R-F 0 28 0 22
BGBT-0 1810 0 1649 0
BGBT-25 1159 29 1101 27
BGBT-50 660 33 704 35
BGBT-F 0 34 0 34
GGGT-0 2283 0 1822 0
GGGT-25 1354 34 1178 29
GGGT-50 826 41 753 38
GGGT-F 0 38 0 37
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Fig. 9: Effect of confinement ratio on P-M interaction curves for (a) Group BGBT and (b)

Group GGGT
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Fig. 10: Variation of the load carrying capacity of the specimens with the confinement ratio
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Fig. 11: Variation of the moment capacity of the specimens with the confinement ratio
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