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Abstract: The standard requirements for transverse steel reinforcement (TSR) confinement in
reinforced-concrete (RC) columns are mainly to provide the following: ductile behavior, minimum
axial load capacity of the column’s core, and prevention of longitudinal bars buckling. It is well-known
that the passive confinement due the TSR action is less effective in high-strength concrete (HSC)
compared to normal-strength concrete (NSC). Therefore, the TSR amounts required by the standards
for HSC columns are high, and in some cases, especially in the lower stories columns of high-rise
buildings, are impractical. This paper presents a new construction method using textile-reinforced
concrete (TRC) as internal confinement together with reduced TSR amounts. Moreover, comparison of
the proposed method with RC columns casted in fiber-reinforced polymer (FRP) stay-in-place forms
as additional external confinement, is presented. Eleven large-scale column specimens were tested
under axial compression. The results give an insight on the application feasibility of the proposed
construction method. It is shown that the TRC-TSR dual internal confinement action can be an option
to reduce the standard required TSR amounts while maintaining similar levels of ductile behavior.

Keywords: reinforced-concrete; textile-reinforced concrete; TRC; columns; fiber-reinforced polymer;
FRP; ductility; transverse steel reinforcement; confinement

1. Introduction

The use of high-strength concrete (HSC) for columns has the advantage of reducing their
dimensions [1]. The application of HSC for columns in the lower stories of high-rise buildings
is a superior choice for contractors; however, the brittle behavior of the columns, especially those
with high axial load levels, results in a high amount of the required transverse steel reinforcement
(TSR) to provide the high level of passive confinement [2–4]. This confinement is crucial to provide
the column the minimum level of ductility. Based on the leading standards [5–8] and as shown in
Eid et al. [1], for a circular column which is not part of the seismic-force-resisting system (SFRS) with
large diameter (a diameter of D = 1200 mm), and a high axial load level, P, (P/ f ′c Ag = 0.5 as in
the case of a column located at the lower stories of a high-rise building, where f ′c is the concrete
compressive strength and Ag is the gross area of the section), the TSR volumetric ratio, ρs, is in the
range of 2.2–4.7% for a concrete compressive strength of f ′c = 80 MPa. To satisfy these ρs values, large
diameters of TSR hoop bars (25–30 mm) at very small spacings (80–50 mm) are required. It should
be noted that, for a column that is part of the SFRS, the required ρs is significantly higher (4.4–6.5%).
Such a reinforcement amount is impractical from construction aspects. One of the methods that was
proposed in the literature to reduce the TSR amount was to use a fiber-reinforced polymer (FRP)
stay-in-place form to provide extra external confinement [9,10]. The main disadvantage of using FRP
stay-in-place forms is their low fire resistance [11–13]. Studies have shown that for moderately high
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temperatures, the polymer of the FRP reaches its glass transition temperature and changes from a
brittle to viscous material [13]. This results in the loss of the external confinement mechanism efficiency.
Recent studies have shown that the use of external textile-reinforced mortar (TRM) or textile-reinforced
concrete (TRC) to strengthen existing normal-strength concrete (NSC) columns can be efficient in
terms of fire resistance and strength/ductility enhancement [14–19]. In order to utilize, on one hand,
the high stiffness of the fibers in confining the concrete, and, on the other hand, to protect them from
potential exposure to high fire temperatures, this paper examines the use of the fibers as an internal
reinforcement in the shape of textile fibers. Thus, the fibers are incorporated with the conventional
steel reinforcement cage producing a new dual confinement system of TRC and TSR.

The aim of this study is to examine the feasibility of the proposed confinement configuration,
the TRC-TSR dual confinement system. Preliminary results were presented in the CICE 2018
conference [20]. The present study provides in detail the experimental research study performed
on eleven large-scale HSC circular column specimens subjected to axial compression loading.
The specimens include three different confinement configurations with similar confinement levels:
conventional TSR, stay-in-place FRP-TSR, and TRC-TSR.

2. Experimental Program

Eleven large-scale, HSC-reinforced circular columns (250 diameter × 750 mm height) with different
confinement reinforcement types were designed and tested (Figure 1). Six column specimens contained
TRC-TSR, three FRP-TSR, and two TSR confinement. The aim in the design of the confinement amounts
of TSR, TRC, and FRP was to keep the maximum equivalent lateral passive pressure [21] equal for all
specimens. The specimens’ names include the TSR volumetric ratio, ρs, the hoops bar diameter, φh, and
spacing, s, the type of the second confinement mechanism, that is, TRC (either inside or outside the steel
cage—see Figure 1b,c) or FRP, and their number of layers. For example, specimen S1.4(10-95)T1In consists
of ρs = 1.4%, φh = 10 mm, s = 95 mm, and one layer of TRC installed inside the steel reinforcement cage.
Details of the specimens are presented in Figure 1 and Table 1.

Figure 1. Geometrical and reinforcement properties of all HSC-tested columns. (a) TSR-confined
specimens, (b) specimens with TRC wrapped externally around the reinforcement cage,
(c) specimens with TRC located around the inner perimeter of the reinforcement cage, (d) FRP-TSR
confined specimens.
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Table 1. Specimens’ details.

Specimen

TSR TRC FRP

f ′c D L fyh φh s ρs E f n∗TRC tTRC E f nFRP tTRC
(MPa) (mm) (mm) (MPa) (mm) (mm) (%) (GPa) (mm) (GPa) (mm)

S2.3(10-60)T/F0 548 10 60 2.27 – – – –
S2.3(12-85)T/F0 580 12 85 2.29 – – – –
S1.4(10-95)T1E 548 10 95 1.43 1 (ext.) 0.0785 – –
S1.4(10-95)T1In 548 10 95 1.43 1 (int.) 0.0785 – –
S0.9(10-160)T1In 548 10 160 0.85 1 (int.) 0.0785 – –
S0.6(10-240)T2E 74.2 250 750 548 10 240 0.57

240
2 (ext.) 0.1570 – –

S0.6(10-240)T2In 548 10 240 0.57 2 (int.) 0.1570 – –
S0T3E – – – – 3 (ext.) 0.2355 – –
S1.0(10-140)F1 548 10 140 0.97 – – 1 0.113
S0.6(12-300)F2 580 12 300 0.65 – – 240 2 0.226
S0F3 – – – – – – 3 0.339

* ext., int. = wrapped around the external and the internal reinforcement cage perimeter, respectively.

2.1. Material Properties

2.1.1. Concrete

The concrete compressive strength was f ′c = 74.2 MPa. This strength was derived from tests
performed on three standard cylinders (150 diameter × 300 mm height) at 28 days after casting.
The mixture properties are given in Table 2. All specimens and standard cylinders were casted in a
batch plant and kept in a wet curing for seven days and then in an ambient environment until testing.
Specimens and standard cylinders had a similar curing procedure.

Table 2. Properties of the concrete mixture.

Variable (kg/m3)

Cement 460
Water 150
Coarse aggregate—dmax = 19 550
Intermediate aggregate—dmax = 9 mm 900
Fine aggregate—quartz sand 220
High-Range Water Reducer 9
Polypropylene Fibers 1
Fly Ash 100

Slump (mm) 175
Water to cementitious materials (w/cm) 0.27

2.1.2. Textile Fiber-Reinforced Concrete—TRC

A unidirectional carbon fiber textile mesh (S&P Armo Mesh L600) was used to produce the
textile-reinforced concrete (TRC) confinement. To increase the mesh spacing for a better concrete
flow, half of the fiber rovings were cut. Thus, the equivalent thickness was half of that provided
by the manufacturer and equaled to 0.157/2 = 0.0785 mm. In order to explore different anchorage
systems of the fiber textile mesh, two types of application methods were implemented (before concrete
casting): (1) fiber textile mesh wrapped externally around the reinforcement cage (referred to as
external TRC—Figures 1b and 2b), and (2) producing the reinforcement cage with the fiber textile mesh
located in the inner perimeter of the cage (referred to as internal TRC—Figure 1c). The anchorage
mesh length of the external TRC system was 300 mm and that of the internal TRC system was 150 mm.
The mechanical properties (provided by the manufacturer) of the elastic carbon fiber textile mesh are as
follows: modulus of elasticity, E f = 240 GPa, ultimate tensile strength, f f u = 4200 MPa, and ultimate
strain, ε f u = 0.0175.
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(a) (b)

Figure 2. (a) Stay-in-place FRP tube form; (b) textile fiber wrapped externally around the
reinforcement cage.

2.1.3. Steel Reinforcement

The specimens with the internal-cage TRC included five deformed bars 12 mm in diameter
and two deformed bars 10 mm in diameter as longitudinal steel with a reinforcement ratio of
ρs` = 1.47%. All other specimens included six longitudinal steel deformed bars 12 mm in diameter
with a reinforcement ratio of ρs` = 1.38%. Steel hoops were used as TSR with deformed bars 10 or
12 mm in diameter. The spacings of the hoops ranged between 60 mm [specimen S2.3(10-60)T/F0] and
infinity (no TSR—specimens S0T3 and S0F3). Tensile yield strengths of the steel reinforcement bars
were derived from three tensile tests of each type (548 and 580 MPa for the 10 and 12 mm diameter
bars, respectively).

2.1.4. Fiber-Reinforced Polymer—FRP

Stay-in-place FRP tube forms (Figure 2a) were constructed in a laboratory at the Shamoon College
of Engineering (SCE) using carbon fiber sheets (S&P C-sheet 240, 200 g/m2) with a ply thickness of
0.113 mm. Three tubes were constructed with one, two, and three layers of FRP. The overlap length of
the FRP was 150 mm for all specimens. The linear elastic fiber mechanical properties were provided by
the manufacturer: modulus of elasticity E f = 240 GPa, ultimate tensile strength, f f u = 4200 MPa, and
ultimate strain ε f u = 0.0175.

2.2. Instrumentation and Test Setup

All column specimens were tested under compressive loading using a hydraulic press with
load-controlled capabilities and a maximum load of 5000 kN. The experimental program was
performed at the National Building Research Institute laboratory at the Technion – Israel Institute
of Technology. The test setup is shown in Figure 3. Around the mid-height of the specimens, strain
gauges were installed as follows: two on two longitudinal bars and two hoops, two on the fiber-textile
of TRC-TSR specimens (before concreting), and two on the FRP of FRP-TSR specimens. Four linear
variable displacement transducers (LVDTs) were used to measure the axial displacement of the
specimens during testing—two LVDTs with a gauge length of 575 mm located on the specimen and
two with a gauge length of about 1000 mm measuring the displacement between the two press loading
plates. Steel collars were installed at the two ends of the specimens to prevent local failure and to
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ensure failure at the instrumented zone of the specimens. Sand capping with steel-retaining cups
(specially produced for the tests) were used at two ends to ensure uniformity of the loading.

Figure 3. Test setup.

3. Discussion

The axial strain versus axial load curves are presented in Figures 4 and 5 and the appearance of
all specimens after testing is shown in Figure 6. Table 3 presents measured featured loads and strains
of all specimens. The experimental results are discussed in the following sections.

Figure 4. Axial load versus axial strain of TRC-TSR confined specimens.
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Figure 5. Axial load versus axial strain of FRP-TSR confined specimens.

Table 3. Test results.

Axial Loads Axial Strains

Specimen Pmax Pmax

P0

Pc1 Pc1
P0c

Pc2 Pc2

P0cc
εc1

εc1
ε′c

εc2
εc2

ε′c
εcc50(εcu)∗

εcc50

ε′c
(
εcu

ε′c
)∗

(kN) (kN) (kN)

S2.3(10-60)T/F0 3996 1.16 3677 1.20 3142 1.47 0.0024 0.87 0.0040 1.47 0.0191 7.04
S2.3(12-85)T/F0 3407 0.99 3023 0.99 2867 1.34 0.0030 1.09 0.0040 1.47 0.0208 7.66
S1.4(10-95)T1E 3813 1.11 3515 1.15 3155 1.47 0.0022 0.81 0.0033 1.21 0.0104 3.82
S1.4(10-95)T1In 3362 0.97 3029 0.99 2728 1.28 0.0023 0.85 0.0032 1.19 0.0074 2.71
S0.9(10-160)T1In 3075 0.89 2778 0.91 2461 1.15 0.0021 0.76 0.0035 1.29 0.0070 2.60
S0.6(10-240)T2E 3444 1.00 3167 1.04 2835 1.32 0.0020 0.75 0.0029 1.08 0.0059 2.19
S0.6(10-240)T2In 3300 0.95 2925 0.96 2720 1.27 0.0026 0.96 0.0032 1.17 0.0055 2.03
S0T3E 3338 0.97 3058 1.00 2917 1.36 0.0021 0.76 0.0030 1.11 0.0052 1.93
S1.0(10-140)F1 3979 1.15 3688 1.21 – – 0.0033 1.21 – – 0.0049 1.82
S0.6(12-300)F2 3894 1.13 3638 1.19 3129 1.49 0.0027 1.01 0.0042 1.53 0.0056 2.06
S0F3 3996 1.16 3713 1.22 3547 1.66 0.0022 0.82 0.0033 1.22 0.0033 1.22

* for specimens S1.0(10-140)F1, S0.6(12-300)F2, and S0F3, the values refer to εcu and
εcu

ε′c
.

3.1. General

All specimens behaved similarly at the ascending loading phase. The maximum load, Pmax,
ranged from 3075 to 3996 kN. Table 3 shows the ratio of the maximum axial load to the nominal axial
load, Pmax/P0, which ranged from 0.89 to 1.16, where P0 = 0.85Ac f ′c + As` fs`, fs` is the tensile strength
of the longitudinal reinforcement, Ac = Ag − As`, Ag, and As` are the cross-sectional area of the
concrete, the total section, and the longitudinal bars, respectively. Part of the values of Pmax/P0 are
lower than 1.0. These values are obtained only for the TSR and the TRC-TSR confined specimens.
Table 3 also shows Pc1 = the maximum load sustained by the concrete, and Pc2 = the maximum load
sustained by the concrete after the concrete cover spalling off (for TRC-TSR confined specimens) or after
the load drop post Pmax (for FRP-TSR confined specimens which have no concrete cover spalling off).
For all specimens, Pc2, was lower than Pc1. It should be noted that for one specimen [S1.0(10-140)F1]
the applied load decreased after reaching Pmax without a change in the slope (thus without having
Pc2) to its failure (due to FRP rupture). The ratios Pc1/P0c and Pc2/P0cc range between 0.91 to 1.22,
and 1.15 to 1.66, respectively, where, P0c = 0.85 f ′c Ac, P0cc = 0.85 f ′c Acc, and Acc is the concrete core
cross-sectional area. The TSR-confined specimens reached failure at buckling of longitudinal bars
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and rupture of transverse reinforcement bars. In the TRC-TSR confined specimens, after the first load
drop due to spalling off the concrete cover and increasing further the axial strains, the fibers were
ruptured resulting in a well-defined second load drop (the higher the TSR amount the smaller the load
drop), however, the column continued to sustain smaller loads to the complete failure at buckling of
longitudinal bars and rupture of transverse reinforcement bars. It should be noted that the external-
as well as the internal-cage TRC-TSR specimens experienced rupture of the fibers. Thus, it can be
concluded that the TRC anchorage mechanism of both types is sufficient. In the FRP-TSR confined
specimens, after reaching the maximum load, two specimens [S1.0(10-140)F1 and S0.6(12-300)F2]
experienced a decrease and one specimen (S0F3) experienced a decrease followed by another increase
in the load before the failure was defined by the rupture of the FRP. Table 3 also shows the axial strains
εc1, εc2, and εcc50 corresponding to Pc1, Pc2, and 50% of the maximum confined concrete strength,
respectively. It is seen from the table that εcc50 gives a good indication on the ductility of the specimens
in compression. The highest εcc50 values are obtained for the TSR-confined specimens [0.0191 for
specimen S2.3(10-60)T/F0 and 0.0205 for specimen S2.3(12-85)T/F0]. The lower the TSR amount, the
lower the εcc50. For the FRP-TSR specimens, Table 3 shows the axial strain at the FRP rupture, εcu.
This strain ranged from εcu = 0.0033 for the specimen without TSR (S0F3) to 0.0056 for specimen
S0.6(12-300)F2.

3.2. Analysis of Test Results

Figures 7 and 8 show the normalized stress–strain curves of all specimens. The curves were
derived based on a similar technique performed in previous studies [1,21,22]. The overall behavior
in the figures show that TRC-TSR specimens with the same textile fiber mesh wrapped externally
and internally around the reinforcement cage behaved in a similar way. In one case, the external
mesh gave a better ductile behavior [compare S1.4(10-95)T1E vs. S1.4(10-95)T1In]. It is shown in
Figure 7 that the behavior of specimens S2.3(10-60)T/F0, S2.3(12-85)T/F0, and S1.4(10-95)T1E with
60% TSR amount and one layer of TRC, is comparable in terms of axial strength and ductility. It should
be noted that the amount of TRC was chosen to provide a similar maximum equivalent lateral
passive pressure. The effect of TRC on the strength of the specimens is well-observed. For example,
compare the confined strength of specimens S0.6(10-240)T2E (Pc2/P0cc = 1.32) and S2.3(12-85)T/F0
(Pc2/P0cc = 1.34). However, in terms of ductility, the behavior of the latter specimens are not similar.
Thus, the effect of the TRC confinement on the ductility enhancement is not as effective as the TSR
confinement. This is a result of the low actual maximum tensile strain reached by the TRC (linear-elastic
material) in all TRC-TSR confined specimens, ε f u,a [ε f u,a ≈ (0.3− 0.6)ε f u ≈ 0.005− 0.01], compared
to the high strains that can be reached by the TSR (elastic-perfectly plastic material). Thus, it is
recommended to further examine higher amounts of TRC combined with TSR in order to reach a
similar ductile behavior as the TSR’s only confined specimens.

Figure 8 shows that in terms of axial strength, the FRP-TSR specimens obtained the highest
maximum loads. This is attributed to the prevention of the cover spalling off by the FRP action.
However, in terms of ductility, the FRP-TSR specimens were unable to sustain loads after the rupture
of the FRP (at ε f u,a/ε f u ≈ 0.3− 0.46).
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S2.3(10-60)T/F0 S2.3(12-85)T/F0 S1.4(10-95)T1E S1.4(10-95)T1In

S0.9(10-160)T1In S0.6(10-240)T2E S0.6(10-240)T2In S0T3E

S1.0(10-140)F1 S0.6(12-300)F2 S0F3

Figure 6. Specimens after testing.
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Figure 7. Normalized stress–strain curves of TRC-TSR confined specimens.

Figure 8. Normalized stress–strain curves of FRP-TSR confined specimens.

4. Conclusions

Studies have shown that the amount of transverse steel reinforcement (TSR) in HSC columns
are, in some cases, impractical with regard to construction aspects. This paper proposed a new
confinement configuration of fiber textile reinforced concrete (TRC) with conventional TSR, both as
internal reinforcement. An experimental research study was performed on eleven large-scale HSC
circular column specimens subjected to axial compression loading. The specimens include three
different confinement configurations: conventional TSR, stay-in-place FRP-TSR, and TRC-TSR with
similar confinement levels. It has been shown that in terms of strength, the efficiency of the dual
confinement system, TRC-TSR, was well-observed. Nonetheless, in terms of strength, the FRP-TSR
system was more efficient than the conventional TSR or the TRC-TSR system. This is attributed to
the fact that the FRP tube prevents premature spalling off the concrete cover, which is a well-known
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phenomena in HSC columns. However, in terms of ductility, it is shown that the combination of
TRC-TSR confinement (with a moderate amount of TSR) can provide comparable behavior to that of
conventional TSR-confined specimens. Nonetheless, it should be noted that the ductility behavior was
low for TRC-confined columns with low amounts of TSR. Therefore, the effect of the TRC confinement
on the ductility enhancement was not as effective as the TSR confinement. This is a result of the low
actual maximum tensile strain reached by the TRC in all TRC-TSR confined specimens compared to
the high strains that can be reached by the TSR. It is recommended to further examine higher amounts
of TRC combined with TSR in order to reach a similar ductile behavior as the TSR only confined
specimens.
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Abbreviations

The following abbreviations are used in this manuscript:

TRC Textile reinforced concrete
TSR Transverse steel reinforcement
FRP Fiber-reinforced polymer
NSC Normal-strength concrete
HSC High-strength concrete
RC Reinforced-concrete
SFRS Seismic-force-resisting system
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