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Abstract: The objective of this study was to investigate the effectiveness of different confinement
materials in strengthening geopolymer concrete (GP) columns subjected to axial compression loading.
This research encompassed both experimental and numerical analyses. The experimental phase
involved testing seven circular GP columns, while the numerical phase involved developing 3D
finite element (FE) models using ABAQUS software. The primary focus of this study was to assess
the impact of using outer and inner steel tubes, as well as an outer polyvinyl chloride (PVC) tube
and a carbon-fiber-reinforced polymer (CFRP) sheet. To validate the FE models, the experimental
results were utilized for comparison. The findings of this study revealed that the outer steel tube
provided superior confinement effects on the GP column’s concrete core compared to the PVC tube
and CFRP sheet. The axial capacities of the columns confined with steel, PVC, and CFRP materials
were observed to increase by 254.7%, 43.2%, and 186%, respectively, in comparison to the control
specimens. Furthermore, the utilization of all confinement materials significantly enhanced the
absorbed energy and ductility of the columns. The FE models demonstrated a reasonably close match
to the experimental results in terms of load–displacement curves and deformation patterns. This
correspondence between the numerical predictions and experimental data confirmed the reliability
of the FE models and their suitability for generating further predictions. In summary, this study
contributes to the field by exploring the efficacy of various confinement materials in strengthening GP
columns. The results highlight the superior performance of the outer steel tube and demonstrate the
positive influence of PVC and CFRP materials on enhancing the structural behavior of the columns.
The validation of the FE models further supports their reliability and their potential for future
predictions in similar scenarios.

Keywords: geopolymer concrete; CFST columns; CFRP sheet; PVC tube; inner steel tube; axial
compressive loading; modeling

1. Introduction

Concrete-filled steel tubes (CFST columns) are remarkable components in composite
construction as they utilize the favorable qualities of both concrete and steel. The CFST
columns, particularly circular ones, can stress concrete in a triaxial state due to confine-
ment, resulting in better compression performance compared to an unconfined condition.
However, concrete-filled steel tube (CFST) columns have gained significant attention in the
concrete and steel composite construction field due to their ability to utilize the beneficial
properties of both constituent materials effectively. Combining these materials can pro-
duce a robust structural member suitable for critical loading scenarios, offering improved
stiffness, strength, and ductility. In circular CFST columns, the confinement effect plays a
crucial role in enhancing the performance of concrete. When confined within the steel tube,
concrete is subjected to triaxial stress, leading to higher compression performance than
unconfined concrete [1,2]. This phenomenon occurs because the confinement restrains the
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lateral expansion of concrete, enabling it to withstand higher axial loads before failure. The
presence of the steel tube also allows for the use of high-strength concrete by suppressing
its explosive behavior [3,4]. High-strength concrete has the potential to exhibit brittle
failure when subjected to high stress. Still, the steel tube in CFST columns restrains this
behavior, leading to increased ductility and energy absorption capacity [1,5,6]. Overall,
CFST columns offer numerous advantages over traditional concrete or steel columns, such
as enhanced load-carrying capacity, improved ductility, greater resistance to buckling, and
better fire resistance [2,7,8].

Geopolymer concrete (GC) is a sustainable [9,10], eco-friendly construction material
that has garnered significant attention in recent years due to its exceptional mechanical
properties and durability [11–15]. GC is made from an alkali-activated binder system
consisting of industrial by-products such as fly ash and metakaolin, significantly reduc-
ing cement production’s environmental impact [16,17]. Fly ash is a by-product of coal
combustion in power plants, while metakaolin is a thermally activated kaolinite clay [18].
These materials are widely used in the production of geopolymer concrete due to their
pozzolanic and reactive properties, which contribute to the formation of a dense, strong,
and durable matrix [19–21]. Several studies have examined the behavior of ambient-cured
geopolymer concrete structures reinforced with steel or FRP composite bars [22–24]. These
experiments show that reinforced geopolymer concrete columns have limited ductility
and brittle failures [11]. After reaching their maximal loads, these columns can lose up to
90% of their resistance [25]. Concrete-filled steel tubes (CFSTs) can improve ductility and
structural performance [24,26,27]. Fiber-reinforced cementitious matrix (FRCM) was also
used as confinement by Combers et al. [28] to enhance the strength of concrete cylinders.
Another study by Alrashoudi et al. [22] utilized different strengthening schemes to enhance
the axial capacity of geopolymer concrete. All these strengthening schemes improve the
axial strength and ductility of concrete structures successfully.

In the last twenty years, there has been a growing trend toward enhancing the com-
pressive performance of structural members to keep up with cutting-edge engineering
advancements [20,29–32]. Different strengthening configuration using FRP strengthening
system has been studied [33–35]. Recently, concrete-filled columns have gained significant
attention in the recent literature due to their efficient combination of reduced weight, excep-
tional bending stiffness, and superior cyclic performance [36,37]. The columns’ stiffness and
strength can be further improved by utilizing ultra-high-strength concrete to fill the space
between the inner and outer steel tubes [38]. The presence of ultra-high-strength concrete
inside the column helps to delay or prevent buckling of the outer steel tube, while the
outer steel tube effectively confines the concrete core. Columns with double concrete-filled
tubes offer enhanced fire resistance compared to single concrete-filled tube columns, as the
outer steel tube and shell concrete protect the inner steel tube [39–42]. These double-filled
columns have attracted considerable attention in the form of experimental and numerical
studies due to their advantageous engineering properties [43,44]. Despite the considerable
benefits these double-section columns bring to composite construction, there is a notable
scarcity of quantitative evaluations for such members in the existing literature [45,46].

When circular columns of geopolymer concrete (GC) with fly ash and metakaolin are
subjected to axially loaded conditions, they exhibit several key characteristics [22,47]. Firstly,
due to the high compressive strength of GC, these columns can withstand substantial axial
loads without significant deformation. Additionally, the confinement effect provided by the
circular cross-section enhances the concrete’s load-carrying capacity and ductility. The less
porous and denser geopolymer matrix than traditional concrete offers increased resistance
to environmental factors that may otherwise lead to premature failure [48]. Furthermore,
fly ash and metakaolin form a robust and cohesive binder system that improves overall
durability [49]. Finally, it is important to note that the column’s load-carrying capacity can
be further enhanced via steel reinforcement, such as by creating fiber-reinforced concrete
(FRC) or concrete-filled steel tubes (CFST), depending on the specific design requirements
and loading scenarios [50]. Ozbakkaloglu and Xie [51] tested 36 square fiber-reinforced



Buildings 2023, 13, 1709 3 of 25

polymer tubes with concrete under axial compression. These examples were made with
OPC or fly ash-based geopolymer concrete. Composite column compressive strength was
rarely affected by concrete type. Geopolymer concrete columns had lower ultimate axial
strain than OPC reference samples. Shrinkage caused the stress–strain curves of OPC
columns to plateau in the transition zones. Since geopolymer concrete shrank less, its
curves did not have a plateau.

In a study conducted by Shi et al. [25], an experimental investigation was carried
out on square cross-section columns filled with geopolymeric recycled concrete and steel.
The researchers compared the test results with those of columns made of cement-based
recycled aggregate concrete. The compressive strengths of both types of concrete were
similar during testing. However, the geopolymer CFST columns exhibited 23~26% higher
load-carrying capacities compared to the cement-based CFST columns when no recycled
aggregate was used. When 50% or 100% natural coarse aggregate was replaced with
recycled aggregate, both geopolymer and cement-based CFST columns had comparable
load-carrying capacities. Another notable finding from Shi et al.’s [25] research was that
the geopolymer CFST columns had smaller peak strains at peak loads compared to their
cement-based CFST counterparts.

The existing literature reveals a scarcity of data concerning enhancing compressive
behavior in axially loaded, concrete-filled circular columns using various confinement
materials. Furthermore, although the behavior of concrete-filled circular columns has
been investigated, no experimental studies have been carried out on geopolymer-concrete
(GC)-filled circular columns subjected to axial loads. Additionally, no numerical analyses
have been conducted on GC-filled circular columns under axial compression. To fill this
research gap, this study aims to assess the influence of different confinement materials
and inner steel tubes on the axial compression properties of GC-filled circular columns.
The significance of this study lies in the potential benefits of GC-filled circular columns for
composite construction, warranting further research to expand and reinforce the existing
knowledge base on this subject.

2. Experimental Study Procedure
2.1. Materials and GP Mixture
2.1.1. GP Concrete

The test columns were cast using geopolymer concrete that was based on a 1:1 mixture
of MK and FA. This ratio was chosen to balance the geopolymer’s fresh and hardened
characteristics without using heat curing. Additionally, Zhang et al.’s research demon-
strated that this ratio was ideal for producing compressive and bending strengths at room
temperature and upon exposure to high temperatures [52]. Table 1 provides the chemi-
cal composition of MK and FA. The alkali activator utilized consisted of a 14 M sodium
hydroxide solution for all mixes and a sodium silicate solution with a silicate modulus of
3.1 (SiO2/Na2O = 3.1). The coarse aggregate in the mixture was a natural limestone and
ranged in size from 5 to 10 mm. The fine aggregate in this study was a combination of
crushed limestone aggregates and white sand, with sizes ranging from 1 to 5 mm. In this
investigation, a single GP concrete mixture was used. The proportions of the GP concrete
mixture that was used to cast each test specimen are shown in Table 2. The dry materials
(aggregates and metakaolin) were thoroughly blended to create GP concrete. Then, an
alkaline solution (a mixture of NaOH and Na2SiO3) was added, and the mixing continued
for a few minutes. Then, GP concrete was poured into column molds and tubes. After
28 days of curing, the GP mixture was designed to have a compressive strength of 30 MPa.
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Table 1. MK’s and FA’s chemical composition (% wt).

Material CaO Al2O3 SiO2 Fe2O3 MgO K2O P2O5 Na2O SO3 Others

MK 1.29% 42.63% 51.00% 2.11% 0.13% 0.34% 0.05% 0.28% 0.44% 1.74%

FA 0.28% 24.80% 61.30% 4.39% 0.74% 1.49% 0.45% 0.12% 0.39% 6.06%

Table 2. GP concrete mixture proportions (kg/m3).

Components Quantities

MK 214
Fly ash 143

White Sand 403
Fine agg. 170

Coarse agg. 1220
Water Glass 285

NaOH 105

2.1.2. Steel Tube

Figure 1 depicts the steel tube (i.e., the steel circular hollow section) used in this present
experimental study. The mild steel tubes had a yield strength of 285 MPa when tested in
tension in accordance with ASTM-E8 [53]. The steel tubes’ axial load–displacement curve
under axial compression is depicted in Figure 2.
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Figure 1. Steel tubes used in this study.
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Figure 2. The steel tube’s experimental load–displacement curve used in this study [27].

2.1.3. CFRP Sheet

Table 3 displays the properties of the carbon fibers used for specimen strengthening.
Data were obtained using flat coupon testing in accordance with ASTM D3039 [54]. For
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strengthened specimens (i.e., GP-CFRP specimens), the columns were wrapped using
epoxy-impregnated CFRP sheet in a hoop-like pattern after a very thin coating of epoxy
resin was brushed onto the concrete columns.

Table 3. The sieve analysis results of the sand.

Sieve No. (mm) Passing, % Iraqi Specification, IQS No. 45

4 (4.75) 91 90–100
8 (2.36) 83 75–100
16 (1.18) 74.8 55–90
30 (0.6) 57.2 35–59
50 (0.3) 24.2 8–30

100 (0.15) 7.2 0–10

2.1.4. PVC Tube

The PVC pipes were used as confinement schemes to manufacture the GP-PVC speci-
mens, which were available commercially. The PVC pipes were manufactured for water
purposes with a nominal pressure of 4.1 MPa according to ASTM D1785 [48]. As shown in
Figure 3, the selected PVC pipe has a wall thickness of 3 mm and a diameter of 110 mm. For
the purpose of measuring the compressive properties of the PVC tubes used in the GP-PVC
specimens, a few hollow PVC tube specimens were tested under axial compression. The
global and local elephant foot buckling were the causes of PVC tube failure, as seen in
Figure 3. Figure 4 shows the axial load–displacement curve of the PVC tubes put through
testing while being compressed axially. Table 4 lists the material characteristics of the
PVC tubes.
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Table 4. CFRP properties.

Material Ultimate Tensile
Strength (MPa)

Tensile Modulus of
Elasticity (GPa)

Ultimate Tensile
Strain Thickness (mm)

CFRP sheet 1122 68.9 1.7% 1
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2.2. Test Specimens

Seven GP circular columns’ behavior has been tested experimentally, which were set
up to be investigated under axial compression loading. The Con-GP specimen (i.e., control
column) had a 106 mm diameter and was 300 mm long. The other specimens’ diameters,
however, varied depending on the confinement scheme based on the confinement scheme;
for GP-CFST, GP-PVC, and GP-CFRP columns, respectively, it was 106 mm, 106 mm, and
102 mm. Table 5 gives the specifics of the circular columns. Letter strings with dashes
between them represent the specimen IDs. The letter string Con refers to the control
specimen; concrete-filled steel tube is referred to as CFST; S refers to solid columns without
an inner confinement scheme; Ann refers to columns with an inner confinement scheme;
PVC refers to PVC tube confinement at the outer diameter of columns; CFRP refers to the
wrapping of a concrete column with CFRP sheet. A cross-section of all columns tested in
this study is shown in Figures 5–7. The first specimen (i.e., Con-GP) was the control column
in this study. As shown in Table 5, the second and third columns (GP-CFST-S and GP-
CFST-Ann) were utilized for investigating the influence of steel tubes on the improvement
of the compressive capacity of columns under axial loading (see Figure 5). GP-PVC-S
and GP-PVC-Ann, the fourth and fifth columns, were used to investigate the influence of
utilizing PVC tubes as outer confinement, as shown in Figure 6. The sixth and seventh
columns, GP-CFRP-S and GP-CFRP-Ann, were designed to investigate the strengthening
of the control columns using CFRP sheets (see Figure 7).
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Table 5. Details of the column tested in this study.

Specimen ID Confinement
Type Confinement Schemes

Inner Steel Tube Outer Tube

Di (mm) ti (mm) Do (mm) to (mm)

GP-Con Control - - - - -

GP-CFST-S Steel Confinement of the outer surface
using steel tube. - - 106 3

GP-CFST-Ann Steel Confinement of the outer and
inner surfaces using steel tubes. 60 5 106 3

GP-PVC-S PVC Confinement of the outer surface
using PVC tube. - - 106 3

GP-PVC-Ann PVC
Confinement of the outer surface

using PVC tube and the inner
surface using steel tube.

60 5 106 3

GP-CFRP-S CFRP-wrapped Confinement of the outer surface
using one CFRP sheet layer. - - 102 1

GP-CFRP-Ann CFRP-wrapped
Confinement of the outer surface
using one CFRP sheet layer and

the inner surface using steel tube.
60 5 102 1
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2.3. Specimen Preparation

All of the specimens were cast, cured, strengthened, and tested in the structural labo-
ratory at King Saud University. The steel tubes and the hollow PVC pipe were meticulously
cut to lengths of about 300 mm in order to take a subsequent strengthening procedure into
account. In order to possibly apply uniform axial pressure to the specimens’ upper surface,
the top and bottom surfaces of the steel tubes were later formed perpendicular to the tube’s
axis and flat. A crucial component for achieving an accurate assessment result is the leveled
column ends [55,56]. After going through the forming procedure, the steel tubes’ exact final
length was 300 mm. The interior and exterior surfaces of the steel tubes were meticulously
cleaned to ensure that any dust or residues are entirely removed and that the concrete and
steel tubes will come into the best possible contact. At the bottom surfaces of the tube
sections (i.e., steel and PVC), flat, thick wood plates were placed to support the concrete
during the casting processes. As depicted in Figure 8, silicon was utilized to connect the
wood plates to the bottom surfaces of the hollow sections. After that, concrete was cast
into the tubes and formwork. To reduce the possibility of compaction issues in the narrow
shell and core areas of the different tubes, the casting procedure was meticulously carried
out. The concrete surface was polished with a steel trowel after being cast to level the top
surfaces of the columns. According to ACI-308R-01-R08 [57], the formwork was removed
after 24 h, and the columns were moist cured for 28 curing days at lab temperature. First,
water was misted onto the concrete surfaces. After that, burlap was used to cover the
specimen. The burlap was then wet twice daily for the following few days. The CFRP
wrap was placed manually via a wet layup process. Then, an epoxy-resin-soaked CFRP
sheet was wrapped around the column surfaces. In order to avoid direct loading from the
loading machine, the CFRP sheet has been wrapped along its entire length except for 5 mm
from the two bottom surfaces of the GP-CFRP-S and GP-CFRP-Ann specimens. Prior to
implementing the strengthening schemes, the surfaces of the specimens (i.e., GP-CFRP-S
and GP-CFRP-Ann) were roughened using sandblasting to create an effective bond between
the CFRP sheet and the core concrete surfaces. Before implementing CFRP jacketing, the
surfaces of the concrete core were lightly scraped to eliminate the surface dust, and the
dust was completely removed. In order to fill air gaps and create a solid bond, an epoxy
primer coating was put on the exterior concrete core surface. Next, a very thin epoxy coat
was applied to the concrete surfaces. The CFRP layer was then carefully wrapped after that.
Making sure there were no air voids between the concrete’s surface and the CFRP sheet
was crucial. All specimens are shown in Figure 9 before testing.
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2.4. Testing Setup and Instrumentation

The specimens were compressed after 28 days of curing using a universal testing
machine (UTM) with 1000 kN. Testing has been conducted via displacement control at a
loading rate of 0.5 mm/min. Before the test, the two ends of the columns were leveled
using a concrete end grinder to ensure an even distribution of the axial load on the column
surface. In order to capture the attained load and displacement as well as the specimens’
strain, a data acquisition unit has been used throughout each test. For each of the specimens,
two vertical linear variable differential transformers (LVDTs) were installed at mid-height
around the columns’ perimeter to capture the deformation between the gauge lengths of
200 mm, as shown in Figure 10. For capturing axial strains in the loading process and
revising LVDT readings earlier in the loading procedure, all specimens were equipped with
two unidirectional strain gauges at mid-height, as shown in Figure 10. This is due to the
fact that a resultant slack in the test setup frequently leads to inaccurate early-stage LVDT
measurements. To measure the hoop strain of the PVC tube or the strain in the CFRP sheet,
two uniformly dispersed, unidirectional strain gauges were installed at mid-height outside
the designated overlap area.
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3. Results and Discussion

Concrete cylinders for the GP mix were created in accordance with ASTM C31 [58]
(diameter: 100 mm; height: 200 mm). Table 6 shows the mechanical characteristics of the
GP mixture, including the compressive and splitting tensile strengths according to ASTM
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C39 [59] and ASTM C496 [60], respectively. The average compressive strength was 32 MPa
with a standard division of 1.1, and the average splitting tensile strength was 3.8 MPa with
a strand division of 0.9. Three specimens of each test were used. Alkaline activators and FA
particles are joined to sodium aluminosilicate hydrate gel (N-A-S-H), the dominant phase,
via polymerization. Strong linkages within polymer chains are only possible because of the
polymerization of silica in the FA to create geopolymer chains [61].

Table 6. The mechanical properties of the GP mix.

Concrete Mix Compressive Strength (f
′

c) Splitting Tensile Stress

GP concrete 32 MPa 3.8 MPa

3.1. Mode of Failure

Failure modes of all the specimens are shown in Figure 11. The failure mechanisms of
the specimens show the individual and composite physical behavior of various columns’
components (i.e., confinement materials). The displayed failure mode of the column is a
combination of steel yielding and concrete crushing under compression. However, the
failure’s behavior was impacted by the characteristics of the inner and outer tubes. As
demonstrated in Figure 11a, the control column’s failure mode (i.e., GP-Con) was concrete
crushing via shear, splitting, and then failing abruptly, such as a conventional concrete
cylinder. According to Figure 11b, the lower edge of the concrete-filled steel column (i.e.,
GP-CFST-S) exhibited local buckling, which is connected to the plasticization of this area.
The composite columns also have the advantage of preventing shear failure modes with
the presence of an outer steel tube in the GP-CFST-S column. The outer steel tube must
have performed a good composite activity in order for the steel tube and concrete to
function properly together. Achieving this harmony in composite structural parts is very
important [27,55]. The failure mode of the inner steel tube in relation to the GP-CFST-Ann
column is shown in Figure 11c. As seen in Figure 11c, the inner steel tube has exhibited an
excessive degree of inner local buckling, which was caused by the lack of internal support
against the inward local buckling compared with GP-CFST. This degree of severe local
buckling prevents exploiting the yield capability of the inner steel tube of the GP-CFST-Ann
column. Additionally, this local buckling problem would affect the effectiveness of the shell
concrete. This indicates that the concrete core and inner steel tube in this situation would
not be able to cooperate properly. The PVC wall bulged and deformed dramatically when
the PVC tubes were used (i.e., GP-PVC-S), as the concrete in the core expanded, pushing the
PVC wall outwards, as shown in Figure 11d. The inner steel tube in the PVC specimen (i.e.,
the GP-PVC-Ann) had an excessive degree of inward local buckling as for the GP-CFST-Ann
specimen, as seen in Figure 11e. The concrete’s crushing and dilatation created an energy
that the PVC tube could not effectively absorb. The GP-CFRP-S column failed in an abrupt
and explosive manner. According to Figure 11f, the ringed rupture in the top sections of
the GP-CFRP-S specimen occurred as a result of the significant dismantling of the CFRP
sheet from the concrete’s perimeter. Figure 11f shows the rupture of the CFRP sheet in
the upper half of the GP-CFRP-S column. The similar circumstance for the GP-CFRP-S
specimen and the presence of the inner steel tube both caused an excessive degree of inward
local buckling for the GP-CFRP-Ann specimen with a gap, as illustrated in Figure 11g.
Debonding failure has happened concurrently with the CFRP fracture because the bond’s
strength was inadequate to withstand the hoop’s tensile force once the CFRP ruptured,
which was caused by the radial expansion. According to the findings, the debonding failure
was not observed prior to the CFRP’s fracture, which may be attributable to the localized
effects of concrete shrinkage since evaporation can only happen on the top surface [62].
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3.2. Load–Displacement Characteristics

Figure 12 shows the load versus displacement curves of all columns. Generally, the
load–displacement curves are composed of three phases: the linear first phase is when the
concrete core and tubes behave elastically and the load increases linearly; the second phase
indicates transitional nonlinear segments of the curves, while the third phase represents
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the softening segments. Due to concrete cracking and the tube’s local buckling, the slope of
the load–displacement curves started to decrease and display nonlinear behavior. For the
GP-Con specimen, the axial load increased until the first peak load value and displayed
a sharp decline in the axial load due to concrete crushing via shear, splitting, and failing
abruptly. Additionally, the GP-CFST-S and GP-CFST-Ann columns behaved similarly, with
a slight reduction in the axial load for the GP-CFST-Ann compared with the GP-CFST-S. As
seen in Figure 12, GP-CFST-S and GP-CFST-Ann columns (i.e., columns with steel tubes)
have a higher load capacity than the other specimens. Additionally, the presence of the
outer steel tube in the GP-CFST-S and GP-CFST-Ann columns developed more ductility
compared with all specimens (based on the area under the load–displacement curves). The
concrete-filled PVC tube columns (GP-PVC-S and GP-PVC-Ann) behaved similarly, with a
significant reduction in the softening segments (i.e., less ductility) of the load–displacement
for the GP-PVC-Ann compared with the GP-PVC-S, as shown in Figure 12. Regarding the
specimens with CFRP wrapping, the load-carrying capability and ductility of the GP-CFRP-
S and GP-CFRP-Ann columns were extremely similar. The CFRP rupture was the cause of
the abrupt decrease in load-carrying capacity depicted in Figure 12. Table 7 summarizes the
testing results for the specimens. The axial stress of the specimens can be determined by
dividing the axial load by the cross-section area of the specimens (taking into account the
outer diameters of the various confinement methods). The maximum axial load capacity
was obtained in the GP-CFST-S specimen with an increased ratio of 254.67%, 7.49%, 147.7%,
230.6%, 23.9%, and 30.5% compared with GP-Con, GP-CFST-Ann, GP-PVC-S, GP-PVC-Ann,
GP-CFRP-S, and GP-CFRP-Ann, respectively. The results showed an obvious superiority
for the use of steel tubes as a confinement material for concrete core, followed by the use
of the CFRP sheet, then the PVC tube in the last place, as illustrated in Table 7. However,
GP-PVC-S and GP-PVC-Ann showed increased ratios compared with the control column
(i.e., GP-Con) of 43.2% and 7.3%, respectively, which is an acceptable increase compared
to the economic aspect. The use of inner steel tubes in columns led to decreased axial
load values. The reported reduction ratios were 6.9%, 25.1%, and 5.0% for GP-CFST-Ann,
GP-PVC-Ann, and GP-CFRP-Ann, respectively, compared with GP-CFST-S, GP-PVC-S, and
GP-CFRP-S, which can be attributed to the numerous cycles of local buckling that occurred
in the inner steel tubes. The specimens’ ductility performance should also be taken into
consideration in order to conduct a thorough examination. The ductility performance
may be predicated on the compression loading response of the specimens’ end-shortening
curves (i.e., post-peak behavior). The enhanced ductility behavior can be indicated by
a higher degree of end shortening at the maximum load capacity. On the other hand,
the less ductile specimens exhibited a descending portion after achieving the maximum
load capacities at reduced end shortening values. The GP-CFST-S and GP-CFST-Ann
specimens exhibit high ductility compared with other specimens, as shown in Figure 12.
The presence of the outer steel tube has performed a good composite activity, allowing the
steel tube and concrete to function properly together, which led to enhanced specimens’
ductility performances. In addition, GP-CFRP-S and GP-CFRP-Ann exhibited poor ductility
compared to their counterparts with PVC outer tubes. The ringed rupture in the top sections
of the CFRP sheet caused an abrupt and explosive failure, which limited the development
of the ductility of the CFRP specimen. Although the concrete GP-PVC-Ann shows a 7.3%
increase in ratio axial load capacity compared with the control column (i.e., GP-Con), it
showed a significant increase in ductility performance. PVC tubes, despite producing less
confinement, distributed stress caused by the expansion of the concrete core, reducing stress
concentration due to asymmetrical cracking, which improved the ductility performance.
Due to the unconfined concrete’s brittleness, Figure 12 clearly shows that the ductility of
the unstrengthened specimens is noticeably lower than that of the strengthened specimens.
Here, it is important to underline the outer tube’s dominant involvement in the ductility
behavior of the specimens. Comparisons of the ductility of unstrengthened specimens (i.e.,
control specimens) and strengthened specimens lead to an important conclusion.
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Table 7. Test findings for all tested columns.

Column ID GP-Con GP-CFST-S GP-CFST-Ann GP-PVC-S GP-PVC-Ann GP-CFRP-S GP-CFRP-Ann

Axial Load (kN) 216.45 767.69 714.19 309.87 232.19 619.13 588.17
Stress (MPa) 27.57 87.04 119.15 32.62 34.80 75.81 110.12

Displacement at
peak (mm) 0.851 3.892 2.283 5.573 0.448 5.614 5.705

Axial strain 0.00426 0.01946 0.01142 0.02787 0.00224 0.02807 0.02853
Transverse strain −0.00354 −0.01246 −0.01372 −0.00319 −0.00148 −0.00231 −0.00243

3.3. Stress–Strain Curves

Under the effects of axial compression pressure, the specimens’ concrete cores began to
crack. The confinement materials are put under lateral stress when the concrete dilates after
it fractures. The axial pressure produced by the concrete core as well as hoop/transverse
stresses led to it pushing outward against the various confinement walls. The various
confinement walls (i.e., steel tube, PVC tube, and CFRP sheet) were subjected to biaxial
pressure, and the concrete itself was subjected to triaxial constraint due to the confinement
walls. The axial and transverse strain values and the stress results were combined to create
the stress–strain curves, as depicted in Figure 13. At the middle point height of various
confinement types, the specimens’ strain values were measured using axial (longitudinal)
and transverse strain gauges. Throughout the initial loading phase, all strains increased
linearly. Transverse/hoop strains on confinement walls during the elastic stage were
remarkably low, as shown in Figure 13. This can be attributed to the fact that the axial
compression load could be carried through the concrete core and confinement walls without
any expansion in the concrete core. The strains on the outside various confinement walls
gradually achieved yield strains as the load increased. When the stresses reached their
maximum, the slope of the stress–strain curves began to decline, and almost all strain values
surpassed the yield strain limitations. The findings show the use of different confinement
components effectively supports the concrete core and improves the bearing capacity of
the specimens. As shown in Table 7, the highest axial strains were recorded in the CFRP-
wrapped columns (i.e., GP-CFRP-S and GP-CFRP-Ann); this can be attributed to the fact
that the CFRP sheet usually fails in rupture without allowing large transverse deformations.
Nevertheless, the highest transverse strains were recorded in the CFST columns (i.e., GP-
CFRP-S and GP-CFRP-Ann) as a result of the steel tubes providing further confinement
for the concrete core. Although it produced comparatively less confinement, PVC tubes
provided a specific mechanism that evenly distributed the stress caused by the expansion
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of the concrete core, hence lowering the stress concentration due to the concrete being
cracked asymmetrically [63,64]. The GP-CFST-Ann column had the maximum level of
stress, as seen in Figure 13 and Table 7, compared to all other columns. The GP-CFST-S, GP-
CFST-Ann, and GP-CFRP-Ann columns, therefore, experienced much more stress than any
other specimen, proving that the confinement materials in those specimens generated more
confinement strength prior to total failure. The findings demonstrated that, in comparison
to the provided outer PVC tube and the CFRP sheet wrapped, the outer steel tube provided
a greater confinement strength on the concrete core. Although the annular columns (i.e.,
GP-CFST-Ann, GP-PVC-Ann, and GP-CFRP-Ann) had smaller cross-sectional areas than
the remaining columns (i.e., GP-Con, GP-CFST-S, GP-PVC-S, and GP-CFRP-S), the annular
columns showed higher stress (up to 45.3%) than the remaining columns as a result of
the presence of inner steel tubes. When the load level exceeded the maximum limits, the
concrete expanded as a result of axial compression pressure, which enhanced the interaction
between the two components. Additionally, the enhanced interaction has caused a rapid
increase in the transverse strain and a reduction in the axial stress near the midpoint of the
steel tube.
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4. Finite Element Type

The obtained experimental results were validated using FE analysis. The nonlinear FE
models were created using the ABAQUS software [65]. A single step was used to conduct
an FE analysis of all specimens in the ABAQUS-Explicit.

4.1. Finite Element Type

Continuum solid cube elements (i.e., C3D8R) were used to model the concrete core,
as well as steel and PVC tubes. For the CFRP sheet, shell elements (i.e., S4R) were used.
Figure 14 shows the element types used for all the columns in this study.
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4.2. Boundary Conditions and Loading Application

The axial compression loading was applied as a downward vertical displacement
(i.e., displacement control) at the top surface of the columns, as shown in Figure 15b. The
material density of all members was defined to simulate the members’ self-weight via the
application of a gravity load in the ABAQUS software. As shown in Figure 15b, all degrees
of freedom (i.e., DOFs) were restricted (i.e., fixed support) to the specimen’s bottom surface.
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4.3. Material Modeling

Table 8 summarizes the mechanical characteristics of all the materials used in the FE
model, including the GP concrete and confinement materials (i.e., PVC, steel, and CFRP).
According to Sharif et al. [66], the unconfined concrete characteristics created via the current
experimental test (i.e., a compressive test of the concrete cylinder) need to be transformed
into a confined stress–strain curve created by [63]. In this study, the concrete plasticity was
modeled using the concrete damaged plasticity model (CDPM) from Lubliner et al. [67]
and Lee and Fenves [68], which is currently available in ABAQUS and is widely used
in FE modeling (e.g., REF). The parameters σb0/σc0 and Kc in CDPM were set to 1.16
and 0.7, respectively. Additionally, the eccentricity parameter (ε) and dilation angle (ψ)
were defined as 0.10 and 38◦, respectively. The splitting tensile strengths from Section 3.1
were used to compute the maximum tensile strength of concrete (σct), which is shown in
Figure 16. As illustrated in Figure 16, the crack bandwidth (hcr) and fracture energy (G f )
were used to define the softening component, and the area under the softening segment
was calculated by dividing the G f by the hcr. For the GP concrete in this study, G f was
calculated based on CEB-FIP Code [69] using the following Equation:

G f = 0.03
(

f ′c
10

)0.7

(1)
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The steel material properties have been simulated as a nonlinear plastic model in order
to accurately reflect the behavior actually based on the experimental results. In order to
model the PVC’s plastic characteristics in the ABAQUS software, the experimental load–
displacement curve (see Figure 4) was transformed into a stress–strain curve. The results of
the experiment showed that tensile rupture caused the failure of the CFRP sheet. Regarding
the CFRP composite, laminate modeling was used in the ABAQUS software. The testing
results showed the strongest tensile strength in the direction of the fibers, whereas other
strength values were low and were taken based on [27,70,71].
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Table 8. Mechanical characteristics of the concrete, steel, PVC, and CFRP used in the FE models.

Material Parameters Values Denotation

Concrete

Poisson′s ratio (υ) 0.15 Widely used in FE modeling
Modulus of Elasticity (E) 26,587.2 MPa

(
E = 4700

√
f ′c
)

ACI 318M-11 [72]
Dilation angle (ψ) 38◦ Calibrated value

Flow potential eccentricity (ε) 0.1 ABAQUS (default value) [73]
Ratio of biaxial to uniaxial compressive (σb0/σc0) 1.16 ABAQUS (default value) [73]

Second stress invariant ratio (Kc) 0.7 ABAQUS (default value) [73]

Steel
Poisson′s ratio (υ) 0.3 Widely used in FE modeling

Modulus of Elasticity (E) 200,000 MPa Widely used in FE modeling
Yield stress

(
σy
)

285 MPa Experimental Value
Ultimate stress (σu) 406 MPa Experimental Value

PVC
Poisson′s ratio (υ) 0.38 Widely used in FE modeling

Modulus of Elasticity (E) 3000 MPa Wang and Yang [74]
Tensile yield strength

(
σy
)

45 MPa Wang and Yang [74]

CFRP sheet

Poisson′s ratio (υ) 0.3 Widely used in FE modeling
Tensile strength (longitudinal: σt1) 1122 MPa Experimental Value

Modulus of Elasticity (E) 230,000 MPa Given by the manufacturer
Transversal tensile strength (σt2) 10 MPa

Al-Mekhlafi et al. [73]
Compressive strength (longitudinal: σc1) 10 MPa
Compressive strength (transversal: σc2) 10 MPa

Shear strength (longitudinal: τf 1
)

10 MPa
Shear strength (transversal: τf 2

)
10 MPa

4.4. Modelling of FE Contacts

To represent the binding between the concrete core and the CFRP sheet, the modeling
has been carried out as a tie interaction. The interactions between the tubes (i.e., steel
and PVC) and the concrete core were simulated via tangential behavior utilizing a friction
interaction. The friction coefficient for the concrete inside the steel tube was 0.25 [63,73],
while it was 0.08 for the concrete inside the PVC tube, which was widely used in FE
modeling. In addition to the tangential behavior, hard contact was utilized to simulate
contact in the conventional direction.

4.5. Meshing Convergence

A mesh convergence study utilizing two types of mesh densities (i.e., size 10 and size 5)
was carried out exclusively on the GP-Con specimen, as shown in Figure 17. The geometry,
element types, and material properties for the two regular mesh densities were all the same.
To choose which mesh size to use, the two mesh sizes were evaluated. The mesh density
of 5 was chosen due to requiring reasonable computational time while still producing
results that possess the greatest accuracy and convergence in relation to experimental data.
A mesh density of more than 5 did not improve the accuracy significantly, and further
refinement of the mesh efforts cost more time and resources while having longer running
times. The columns were all given the same size as a result.

4.6. FE Modeling Validation

Using the ABAQUS software to analyze the FE model under an axial compression
load, the failure modes (stress contour plots) of columns were produced. Figures 18–24
illustrate the experimental versus numerical failure modes of all specimens in more detail.
The predicted deformation forms and stress plots of the FE models are reasonably similar
to the experimental observations. To further evaluate the FE models’ reliability, their
maximum load capacity and value load–displacement curves were obtained, which were
utilized for comparison against the results of experimental tests. Accordingly, Figure 25
compares the load–displacement curves of FE models and experimental columns. In the
elastic segment, as shown in Figure 25, the FE column curves exhibited good agreement
compared with the experimental results. Generally, both curves shared a similar overall
pattern. The stiffness and ductility of the test columns were evaluated computationally
and experimentally over the entire range of responses, as shown in Figure 25. The FE
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models, using constitutive modeling, can be observed to clearly predict the descending
portion of the load–displacement curves (see Figure 25). Table 9 shows the maximum load
capacities of all of the columns’ FE and experimental tests. It should be highlighted that
FE models produce findings that are higher than experimental test results. This can be
noticed in the GP-PVC-Ann and GP-CFRP-Ann, which showed increased ratios of 10.50%
and 11.08% compared with experimental results, respectively. In addition, the GP-CFST-S
exhibited a reduction of 3.59% compared with experimental results. Moreover, the GP-
CFRP-S specimens exhibited a great fit, as the difference ratio was only 1.48%. However,
the largest discrepancy between the FE and the experimental results in terms of maximum
load capacities, as shown in Table 9, was around 11%. There was typically little relative
inaccuracy in the FE results. Due to the columns’ typically perfect behavior throughout
the FE modeling, which caused less damage to the FE models than to the experimental
columns, there were deviations in some of the secant stiffness segments of the FE curves.
Furthermore, several factors might be related to the resulting difference in ultimate load
capacities and load–displacement curves. For example, the early weaknesses in the concrete,
including nonuniformity, degradation, and early cracks, were not appropriately assessed
in the FE modeling. Ultimately, the modeling results substantially supported the reliability
of the FE models, making them acceptable for generating additional predictions.
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Table 9. Comparing the maximum load capacities of FE and experimental results.

Column ID GP-Con GP-CFST-S GP-CFST-Ann GP-PVC-S GP-PVC-Ann GP-CFRP-S GP-CFRP-Ann

Experimental Load PExp (kN) 216.45 767.69 714.19 309.87 232.19 619.13 588.17
FE Load PFE (kN) 230.26 740.13 674.34 332.24 256.58 628.29 523.03

PFE/PExp. 1.06 0.96 0.94 1.07 1.11 1.01 0.89
Error % +6.38% −3.59% −5.58% +7.22% +10.50% +1.48% −11.08%

5. Conclusions

Several conclusions can be drawn from the results of this experimental and FE study,
including the following:

1. The outer steel tube had a higher confinement influence on the concrete core compared
to the PVC tube and CFRP sheet. The CFST column exhibited the greatest axial
strength capacity, with a ratio increase of up to 254.7%.

2. Inward local buckling of the inner steel tube was observed in all specimens, impacting
the effectiveness of the concrete core and resulting in an underutilized yield capacity
for the inner steel tube.

3. The inclusion of inner steel tubes decreased the axial load capabilities of the columns.
Compared to GP-CFST-S, GP-PVC-S, and GP-CFRP-S, the decreased ratios for GP-
CFST-Ann, GP-PVC-Ann, and GP-CFRP-Ann were 6.9%, 25.1%, and 5.0%, respectively.

4. PVC tubes, despite producing less confinement, distributed stress caused by the
expansion of the concrete core, reducing stress concentration due to asymmetrical
cracking. However, the substantial deformation and bulging of PVC tubes made it
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challenging to absorb a sufficient amount of energy from the crushing and dilatation
of the concrete core.

5. The failure of the GP-CFRP-S specimen showed an abrupt and explosive nature. A
CFRP fracture on the compression edge was the primary cause of the failure. The
ringed rupture of the GP-CFRP-S column is related to the delamination of a substantial
CFRP layer from the concrete surface.

6. The predicted deformation forms and load–displacement curves of the FE models
are reasonably similar to the experimental results. The modeling results substantially
supported the reliability of the FE models, making them acceptable for generating
additional predictions.

The authors believe that additional research should be conducted in order to identify
novel approaches for enhancing CFST columns in exposure circumstances. However,
this investigation contributes to the knowledge by providing designers, specialists, and
researchers with useful information on the performance of the GC-filled tube columns
under axially loaded tests. More research is needed to investigate the effect of some
parameters, such as the column slenderness ratio, pipe sizes, and the number of CFRP
layers. Additionally, various loading configurations, such as the lateral load, fire exposure,
and size effect, need to be well examined.
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