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The failure of ultra-high performance concrete (UHPC) under axial compression
has significant brittleness, so it is necessary to use fiber reinforced polymer
(FRP) to constrain UHPC for achieving ductile failure. This article mainly
summarized the research progress of FRP constrained UHPC columns, analyzed
the influence of different variables on the compressive performance of FRP-
confined UHPC columns and the coupling effect between variables, compared
the axial compressive stress-strain models of FRP-confined UHPC columns
proposed by previous scholars, and evaluated the existing models using a
large amount of collected experimental data. The evaluation results indicated
that the existing models provided relatively accurate predictions for ultimate
stress, but further improvement and correction are needed for predicting
ultimate strain. Based on the data collected in this study, the models had been
modified, resulting in improved accuracy in predicting both ultimate stress and
ultimate strain.
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1 Introduction

Ultra-high performance concrete (UHPC) is a novel cement-based composite material
with high strength, high toughness and high durability, which is of great significance for
reducing structural weight and improving the structural safety and durability. It can be
used in bridges, municipal engineering, industrial plants with corrosion, super high-rise
buildings and military engineering (Cheng et al., 2021; Ma et al., 2021; Liu et al., 2022;
Wang, 2022; Zhang et al., 2023a; Mu et al.,, 2023). Due to the significant brittleness of
UHPC under axial compression, which gives an unexpected failure mode and behavior
(Dang et al., 2022). In order to improve the brittleness of UHPC, many scholars have
added different fibers to UHPC to improve the toughness of the material. Liao et al.
(2023a) found that increasing the straight steel fiber (SF) content from 1% to 2% could
result in a 24% enhancement in the punching shear capacity. Yu et al. (2018) incorporated
polyethylene (PE) fibers into UHPC, and the results showed that the adoption of PE fibers
might benefit the punching shear resistance of UHPC slabs. Xu et al. (2019) studied the
strengthening effect of steel-polypropylene hybrid fiber on UHPC. The results showed that
steel-polypropylene hybrid fiber was able to better enhance the strength and the ductility
of UHPC. Existing studies (Wu et al., 2006; Shan and Zhang, 2019; Alwesabi et al., 2022;
Zhang et al., 2023b; Mu et al., 2023) have shown that adding a certain amount of fiber can
effectively improve the brittleness of concrete, but the concrete post-peak behavior such as
the ductility and toughness are improved finitely.
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Circumferential constraints are imposed on the periphery of
the UHPC column, so that the core UHPC is in a three-way
compression state, which can not only improve the bearing capacity
of the UHPC column, but also greatly improve its ductility.
At present, the most widely used are steel and fiber reinforced
polymer (FRP) (Xuetal, 2019; Zhaoetal, 2022a; Zhao etal,
2023a; Zhaoetal., 2023b; Miao etal,, 2023; Zengetal.,, 2023).
Fiber reinforced polymer has light weight and high strength, and
its thermal expansion coeflicient is similar to that of concrete,
which can be coordinated with the deformation of concrete. It is
widely used in repair and reinforcement engineering (Yagar et al.,
2022; Wang et al., 2023a), bridge engineering (Davids et al., 2022;
De Corte and Uyttersprot, 2022), marine engineering (Chen et al.,
2023; Zengetal., 2023), geotechnical engineering (Giraldo and
Rayhani, 2014; Wangetal., 2018a) and various civil buildings
(Tbatou and EI Youbi, 2020). Lateral confinement of UHPC with
FRP can give full play to the advantages of UHPC and FRP, and
improve the strength and deformation capacity of core UHPC
(Liang et al., 2020).

This paper mainly introduced the research progress of axial
compression performance of FRP-confined UHPC columns,
and described the failure modes of FRP-confined UHPC
columns under axial compression. Furthermore, the effects of
different parameters and their coupling effects on the axial
compression performance of FRP-confined UHPC columns were
summarized. Finally, a database was established by analyzing
the collected experimental data, the utilization effects of FRP-
confined UHPC column constitutive models proposed by previous
scholars were compared and evaluated. Based on the established
database, the modified model of the existing constitutive models
was proposed.

2 Experimental phenomenon of
compression of UHPC columns
confined by FRP

2.1 Failure modes

The failure modes of FRP-confined UHPC columns under
axial compression are closely related to the confinement levels
and steel fiber content. Previous studies have shown (Guler, 2014;
Wang et al., 2018b; Liang et al., 2020; Lam et al., 2021; Liao et al,,
2021; Dangetal, 2022) that FRP has no constraint effect on
specimens at the initial stage of loading. With the increase of
load, UHPC begins to expand, which leads to the binding effect
of FRP on UHPC. As the load continues to increase, the sound of
FRP rupture can be heard (Ma et al., 2022). Until the load reaches
90% of the ultimate strength, the middle part of the FRP breaks
horizontally and separates from the UHPC column. At this time,
the surface of the UHPC column produces longitudinal shear cracks
and penetrates into the entire specimen. Longitudinal shear cracks
are generated on the UHPC column surface and penetrate through
the entire specimen. Due to the bridging effect of steel fiber, the
surface crack of UHPC is effectively suppressed. With the increase
of steel fiber content, the bearing capacity of the sample increases,
and the energy release at the time of failure also increases, which
leads to a wider range of FRP fracture and a louder explosion
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sound. When the lateral restraint stiffness is insufficient, the shear
fracture surface is prone to occur under shear stress. The final failure
mode of the sample is typical shear failure, and the fracture of
FRP is located near the end of the sample. With the increase of
confining stiffness, FRP can provide enough lateral confinement,
resulting in the emergence of more shear failure planes on UHPC
cylindrical specimens under tri-axial compression. The fracture of
FRP usually occurs at the middle height of the specimen. The axial
compressive failure modes of two different types of FRP-confined
specimens under different confinement strengths are shown in
Figures 1, 2.

2.2 Stress-strain relationship

Different from the stress-strain relationship of the bilinear
behavior of FRP-constrained normal strength concrete (Lam and
Teng, 2003), the stress-strain relationship of FRP-constrained UHPC
is similar to that of FRP-constrained high strength concrete,
which usually shows strength loss after the first peak value
(Fallah Pour et al., 2019). The axial compression stress-strain curve
of FRP-confined UHPC can be divided into three stages: linear
elastic section, transition section and strengthening section. In the
transition section, there are two trends with different constraint
strength curves, and the typical stress-strain behaviors are shown
in Figure 3.

(i) Linear elastic section. In the early loading phase, the
FRP constraint is not activated, and its axial stress-strain
relationship is similar to that of unconstrained UHPC
(Luo et al., 2020).

(ii) Transition section. With the increase of load, micro cracks
begin to appear within UHPC, and the confinement effect
of FRP is activated with the expansion of core concrete. In
case of sufficient circumferential constraint, the axial stress
of the specimen will increase with the increase of axial
deformation. In case of insufficient circumferential constraint,
the load drops sharply due to the brittleness of UHPC, which
results a rapid expansion of longitudinal cracks. Meanwhile,
the stress-strain curve shows a strength loss after the
first peak.

Strengthening section. At this stage, as the FRP confinement is

fully activated, the stress-strain curve enters the second linear

rising stage. The slope of the stress-strain curve depends on the

(iii)

confinement efficiency in this stage.

A large number of these studies (Saleem et al., 2017; Zeng et al.,
2020; Liaoetal, 2021; Wangetal, 2021) have shown an axial
stress—strain response different from the typical “bi-linear” curve
which ascends monotonically without stress reduction. Instead,
strain softening behavior (i.e., stress reduction) has been frequently
reported after the curve exceeds the initial peak point, in most
cases the stress reduction is followed by a strain hardening response
(i.e., stress recovery). In view of the strength loss, it may have
an adverse effect on the performance of the column (such as
excessive deformation or instability). Therefore, many scholars have
studied the stress reduction-recovery behavior of FRP-confined
UHPC short columns. Yuan et al. (2022a) showed that the factors
leading to the stress-strain softening curve of FRP confined concrete
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FIGURE 1

Carbon FRP constrained specimen failure morphology (Liao et al., 2021).
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FIGURE 2

Glass FRP constrained specimen failure morphology (Ma et al.,, 2022). (A) G11, (B) G12, (C) G13, (D) G14.
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include constraint stiffness, section type and concrete strength.
Wu et al. (2006) studied the conditions and reasons for the softening
section of the stress-strain curve of FRP confined concrete. The
results showed that the softening section of the stress-strain
curve of the confined specimen was mainly related to the lateral
restraint strength f,/f! . When the £,/ of FRP-confined concrete
was greater than 0.13, the stress-strain curve had no softening
section, otherwise, the stress-strain curve had a softening section.
Liao et al. (2023b) explored the root cause of the axial compression
stress reduction-recovery behavior of FRP-confined concrete short
columns, and determined the five root causes of stress reduction:
1) concrete core brittleness; 2) concrete core shrinkage; 3) non-
uniform confinement due to the column shape; 4) insufficient
confinement due to the characteristics of FRP materials or fiber
orientations; and 5) the arching action. For the remedies, increasing
FRP confinement level appears to be a uniform technique except
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for concrete core shrinkage, whereas increasing steel fiber content
and corner radius ratio are more efficient for specimens with brittle
concrete cores and specimens in square and rectangular columns,
respectively.

3 Analysis of influencing factors on
compression properties of
FRP-confined UHPC columns

3.1 Steel fiber content
Steel fibers introduced in UHPC column can improve the
toughness of UHPC material, while steel fiber is one of the important

reasons for the high cost of UHPC. Hence, optimizing the content of
steel fiber is of great significance for promoting UHPC (Zhao et al.,
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FIGURE 3
Stress-strain curve of FRP-confined UHPC strain hardening.

2022b). Previous studies (Yoo etal.,, 2013; Hannawi et al., 2016;
Wu et al.,, 2016; Chen et al., 2024) had found that the initial elastic
modulus and compressive strength of unconstrained UHPC can be
improved with the addition of steel fiber within the appropriate
dosage range. However, when the dosage exceeds the limit, the
fluidity and mechanical properties of UHPC tend to decrease.
Although the toughness of UHPC can also be improved by adding
steel fibers, the improvement effect is limited that the ultimate load-
bearing capacity of UHPC members cannot be greatly enhanced in
practical engineering (Hoang et al., 2019). Therefore, many scholars
began to pay attention to improving the ultimate bearing capacity
of UHPC by confining it with FRP. Wang et al. (Wang et al., 2018b)
carried out an axial compression test on FRP-confined UHPC, and
the results showed that steel fiber could effectively inhibit crack
expansion and spalling of concrete. Liao et al. (2021) showed that
the addition of steel fiber improved the compressive strength of
UHPC, and slightly increased the axial strain corresponding to the
compressive strength. Tian et al. (2020) established a finite element
model of LS-DYNA and analyzed the effect of steel fiber content
on the axial compressive properties of constrained specimens.
The results showed that increasing the steel fiber content could
limit the development of inclined cracks in core UHPC, but it
had little effect on the strength and ductility of the specimens.
Liang et al. (2020) studied the influence of steel fiber content on
the axial compressive properties of UHPC specimens confined by
FRP. The results showed that the strength and toughness of FRP-
confined UHPC specimens could be improved by adding proper
amount of steel fiber. Ma et al. (2022) studied the axial compression
properties of FRP-confined UHPC short columns, and the results
showed that steel fiber could improve the brittleness characteristics
of FRP-confined UHPC short columns to some extent. The
existing literature mostly focuses on the study of single steel fiber
content, and lacks the study of steel fiber shape, arrangement and
hybrid fiber.

3.2 FRP types

In recent years, the use of FRP composites has greatly increased,
among which carbon, glass and aramid fibers are the most popular.
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Guler, (2014) studied the axial compression properties of UHPC
short columns wrapped with carbon FRP (CFRP), glass FRP (GFRP)
and aramid FRP (AFRP) respectively. The ultimate strength of
UHPC columns wrapped with CFRP increased the most, with
an increase of 48%, and that of UHPC columns wrapped with
GFRP and AFRP increased by 16.8% and 22.7% respectively. The
ultimate strain of UHPC columns wrapped by GFRP increases
the most, with an increase of 128%, while the ultimate stress
of UHPC columns wrapped by AFRP and CFRP increases by
96.9% and 88.9% respectively. Deng, (2016); Deng and Liu, (2016)
conducted axial compression tests on UHPC columns constrained
by four different fibers: CFRP, GFRP, AFRP and basalt FRP.
The results showed that CFRP had the most obvious effect on
improving compressive strength, and GFRP had the most obvious
effect on improving ultimate strain. Through a large number of
studies, it was found that CFRP and GFRP could improve the
axial compression performance of constrained specimens more
significantly. Therefore, more and more scholars had carried out
research on those two fiber materials. Wang et al. (2018b) believed
that GFRP had higher tensile strain capacity than CFRP, so it was
more suitable to provide constraints for UHPC. An et al. (2021)),
Dang et al. (2022), Ma etal. (2022) compared the two fiber types
of CFRP and GFRP. The results showed that CFRP could better
improve the ultimate strength of short concrete columns than GFRP,
and the number of CFRP layers required for strain hardening
phenomenon was less than that of GFRP. Compared with CFRP
confined specimens, the transverse strain distribution of GFRP
confined specimens was more uniform and the stress redistribution
was easier. When the number of FRP layers and the volume of
steel fiber were unchanged, the strengthening effect of CFRP on the
ultimate strength of circular short columns was obviously better than
that of GFRP.

3.3 FRP thickness

Deng and Liu, (2016) thought that the ultimate strength
and ultimate strain of confined specimens were related to the
confined ratio of specimens. Therefore, the thickness of FRP was
the key factor affecting the axial compression performance of
specimens. Tian et al. (2019a); Tian et al. (2020) studied the axial
compression performance of constrained samples with varying FRP
tube thickness. The results showed that the deformation of FRP-
confined UHPC specimens with small tube thickness went through
three stages: linear elasticity, softening and linear strengthening.
However, when the tube thickness was increased to provide
sufficient constraints, the deformation of the specimen would
directly transition from linear elastic stage to linear strengthening
stage. Liangetal. (2020) analyzed the influence of GFRP tube
thickness on the axial compression performance of the specimens.
The results showed that the thicker the tube, the greater the increase
in the ultimate strength, and showed a linear growth relationship.
Liao etal. (2021) had studied the influence of the number of
CFRP layers on the stress-strain curve. The results showed that
the FRP thickness mainly affected the transition section and the
strengthening section of the curve. In addition, the increased FRP
thickness could also alleviate the sudden stress reduction at the
first peak, or even eliminate the stress reduction. Ma et al. (2022),
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TABLE 1 Summary of existing models.
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Note: f/,—unconfined compressive strength of UHPC; ¢,,—axial strain corresponding to the unconfined strength of UHPG; f! . and &.—ultimate axial stress at failure of FRP confinement and

its corresponding axial strain respectively; p,—the confinement stiffness; p, —the strain ratio; E—tensile elastic modulus of FRP; t,—FRP thickness; D—diameter of the specimen; ¢, ,,,—hoop

rupture strain; f; ,—actual ultimate confining pressure; E.—compressive modulus of the UHPC core; &,—the ultimate strain of FRP; E,—the secant modulus of unconstrained specimen at the

peak point; R—the radius of core UHPC.

An et al. (2021), Zohrevand and Mirmiran, (2011) studied the axial
compression properties of constrained samples with various FRP
layers. The results showed that the ultimate compressive strength and
ultimate strain of UHPC circular short columns increased with the
increase of FRP layers, but the increase of ultimate strain was more
substantial.

3.4 Fiber winding angles

When studying FRP-constrained UHPC short columns, most
scholars focus primarily on the types and thicknesses of FRP,
with less attention given to the winding angles of the FRP fibers.
Zhang et al. (2019) conducted the axial compression tests of GFRP-
confined concrete short columns with fiber winding angles of +45,
+60 and *80°. The results indicated that the winding angles of
fibers had a significant impact on the circumferential stiffness and
circumferential failure strain of GFRP pipes. Lu, (2020) studied the
influence of GFRP-confined UHPC specimens with two different
fiber winding angles (60 and 80°) on their mechanical properties.
The results showed that the greater the fiber winding angle, the
more significant the improvement of compressive strength of the
specimen, but it had little effect on the ultimate strain of the
specimen. This is consistent with the research results of FRP-
confined normal-strength concrete (NSC) (Sadeghian et al., 2010;
Vincent and Ozbakkaloglu, 2013). Tian etal. (2019b); Tian et al.
(2020) established a micro-finite element model of FRP-confined
UHPC cylinder using LS-DYNA finite element analysis software,
and studied the influence of fiber winding angles on constrained
specimens. The results showed that the ultimate bearing capacity
and ductility of specimens increased with the increase of fiber
winding angles. Zhu etal. (2023) studied the axial compressive
properties of GFRP-confined UHPC with two different fiber
winding angles of 45 and 80°. The results showed that, when
the axial compression ratio was constant, the ultimate horizontal
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bearing capacity and equivalent stiffness of the 45° winding tubular
composite columns were lower than those of the 80° winding
tubular composite columns. However, the former had higher
ductility coeflicient, better energy dissipation capacity and stronger
restraint effect of GFRP tube on UHPC. Vincent and Ozbakkaloglu,
(2013) investigated HSC cylinders confined with 3-ply AFRP with
different winding angles (i.e., 45°, 60°, 75° and 88°). The results
concluded that the confinement effect and ultimate axial stress
could decrease when the fiber orientations were further deviated
from hoop direction, whereas the ultimate axial strains could
increase. Therefore, it is more effective to align the FRP fibers in
the hoop direction, which leads to a smaller Poisson’s ratio and thus
tighter confinement.

From the results in the above literature, it can be concluded
that FRP-confined UHPC columns can significantly improve the
ultimate strength and strain of axial compression. Different fiber
reinforced composites have different reinforcement effects on
UHPC. Among them, CFRP has a significant improvement in
the ultimate strength of circular short columns, and GFRP has
a significant improvement in the ultimate strain of circular short
columns. With the increase of FRP thickness, the lateral restraint
stress of the specimen increases, which can more effectively restrain
the lateral deformation of UHPC in the core area, thus improving
the compressive strength and ultimate strain of the specimen.
The ultimate strength and ultimate strain of UHPC round short
columns can be improved with the increase of the volume of
steel fiber, and the brittleness of the specimens can be improved
to a certain extent. However, when the volume of steel fiber is
too high, the strength of the structure will be adversely affected.
From previous studies, it can be inferred that the steel fiber
content should not exceed 3%. For FRP-confined UHPC columns,
there is a lack of research on the shape and arrangement of
steel fibers. With the increase of fiber winding angle, the limit
bearing capacity of constrained samples increases, but it has little
effect on the ultimate axial strain. At present, the research on the
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TABLE 2 Stress-strain model test database.

Sample number f.. (MPa) €t f., (MPa) €co f., (MPa) E; (Gpa)

Liao et al. (2021)

$100-C1V0-T 115.48 0.0086 127.85 0.00321 8.04 227.3 0.167 | 0.0106 100
$100-C1VO-II 103.90 0.0112 127.85 0.00321 6.25 2273 0.167 | 0.0082 100
$100-C1V1-T 143.27 0.0104 136.33 0.00346 7.63 227.3 0.167 0.01 100
$100-C1V1-TI 116.80 0.0125 136.33 0.00346 7.37 2273 0.167 | 0.0097 100
$100-C1V2-T 165.44 0.0116 148.9 0.00373 8.27 2273 0.167 | 0.0109 100
$100-C1V2-TI 181.32 0.009 148.9 0.00373 7.76 227.3 0.167 | 0.0102 100
$100-C2V0-I 154.85 0.0133 127.85 0.00321 10.08 2273 0334 | 0.0066 100
$100-C2V0-TI 157.50 0.0125 127.85 0.00321 12,04 227.3 0334 | 0.0079 100
§100-C2V1-I 162.79 0.0146 136.33 0.00346 14.86 2273 0334 | 0.0098 100
$100-C2V1-TI 150.55 0.0112 136.33 0.00346 11.82 227.3 0334 | 0.0078 100
$100-C2V2-1 215.07 0.0131 148.9 0.00373 12.92 2273 0334 | 0.0085 100
$100-C2V2-TI 185.63 0.0162 148.9 0.00373 1823 227.3 0.334 0.012 100
$100-C3V0-I 192,57 0.0182 127.85 0.00321 13.83 2273 0.501 0.0061 100
$100-C3V0-1I 166.43 0.0119 127.85 0.00321 2076 227.3 0.501 0.0091 100
$100-C3V1-I 195.55 0.0161 136.33 0.00346 24.36 227.3 0.501 0.0107 100
$100-C3V1-TI 202.17 0.0172 13633 0.00346 268 227.3 0.501 0.0118 100
$100-C3V2-I 26239 0.0218 148.9 0.00373 25.74 227.3 0.501 00113 100
§100-C3V2-11 241.54 0.0158 148.9 0.00373 2931 2273 0.501 0.0129 100
$100-G6V0-1 189.43 0.0174 127.85 0.00321 15.93 433 26 0.0074 100
$100-G6VO-II 151.98 0.0146 127.85 0.00321 18.44 433 2.6 0.0086 100
§100-G6V1-1 164.90 0.0191 13633 0.00346 2453 433 2.6 0.0115 100
$100-G6V1-II 192.94 0.0173 136.33 0.00346 32.96 433 26 0.0154 100
$100-G6V2-1 222.50 0.0145 148.9 0.00373 26.39 433 2.6 0.0123 100
$100-G6V2-11 21243 0.0147 148.9 0.00373 24.03 433 2.6 00112 100
$100-G8V0-I 212,65 0.0195 127.85 0.00321 26.36 433 324 0.0094 100
$100-G8VO-IT 190.53 0.0195 127.85 0.00321 33.92 433 324 0.0121 100
$100-G8V1-I 210.46 0.0163 136.33 0.00346 29.2 433 324 0.0104 100
$100-G8V1-1I 222.50 0.0186 13633 0.00346 38.86 433 3.24 0.0138 100
$100-G8V2-1 241.55 0.0227 148.9 0.00373 40.24 433 3.24 0.0143 100
$100-G8V2-1I 237.17 0.0169 148.9 0.00373 33.14 433 3.24 00118 100
$50-C1-VO-I 176.17 0.0147 142.3 0.0032 16.96 227.3 0.167 | 0.0112 50

(Continued on the following page)
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TABLE 2 (Continued) Stress-strain model test database.

Sample number f.. (MPa) Ecf f., (MPa) €co f1» (MPa) E; (Gpa) t;
(mm)

$50-C1-VO-1I 184.11 0.0141 142.3 0.0032 16.03 227.3 0.167 0.0106 50
§50-C1-V1-I 181.47 0.0164 151.75 0.00356 13.48 2273 0.167 0.0089 50
§50-C1-V1-II 198.68 0.0148 151.75 0.00356 12.87 2273 0.167 0.0085 50
§50-C1-V2-I 211.93 0.0075 156.44 0.00373 17.78 2273 0.167 00117 50
$50-C1-V2-1I 185.44 0.0117 156.44 0.00373 17.41 2273 0.167 00115 50
$50-C2-VO0-I 23445 0.02 142.3 0.0032 4251 2273 0.334 0.014 50
§50-C2-VO-II 255.64 0.0252 142.3 0.0032 39.59 2273 0.334 0.013 50
$50-C2-V1-I 280.81 0.0229 151.75 0.00356 33.23 227.3 0.334 0.0109 50
§50-C2-V1-II 260.94 0.0171 151.75 0.00356 34.88 2273 0.334 00115 50
850-C2-V2-1 287.43 0.0221 156.44 0.00373 41.62 227.3 0.334 0.0137 50
§50-C2-V2-11 241.07 0.0169 156.44 0.00373 38.92 2273 0.334 0.0128 50
$50-G4V0-1 245.04 0.0211 142.3 0.0032 304 433 1.8 0.0098 50
$50-G4V0-1I 26226 0.0267 142.3 0.0032 36.2 433 1.8 00116 50
§50-G4V1-I 255.64 0.0229 151.75 0.00356 54.98 433 1.8 0.0176 50
$50-G4V1-1I 266.24 0.0208 151.75 0.00356 47.21 433 1.8 0.0151 50
§50-G4V2-I 262.26 0.0201 156.44 0.00373 54.95 433 1.8 0.0176 50
$50-G4V2-TI 251.67 0.0176 156.44 0.00373 46.88 433 1.8 0.015 50
§50-G6V1-I 31657 0.03 151.75 0.00356 61.56 433 247 0.0137 50
$50-G6V1-1I 360.28 0.0318 151.75 0.00356 58.08 433 247 0.0129 50

Wang et al. (2018b)

UHPFRC-CI-I 125.30 0.0079 135.89 0.00531 2.61 200 0.167 0.0055 150
UHPFRC-C1-II 85.20 0.0092 135.89 0.00531 2.97 200 0.167 0.0055 150
UHPFRC-C2-1 158.20 0.0106 135.89 0.0055 6.86 200 0.334 0.008 150
UHPFRC-C2-II 107.00 0.0124 135.89 0.0055 9.53 200 0.334 0.008 150
UHPFRC-C3-1 173.40 0.0177 135.89 0.0057 14.75 200 0.501 0.0111 150
UHPFRC-C3-11 163.80 0.0175 135.89 0.0057 19.36 200 0.501 0.0111 150
UHPFRC-C5-1 250.70 0.0199 135.89 0.00659 35.08 200 0.835 0.0139 150
UHPFRC-C5-11 244.00 0.0211 135.89 0.00659 35.85 200 0.835 0.0139 150
UHPFRC-G3-1 159.00 0.0196 135.89 0.005444 12.3 100 0.507 0.018 150
UHPFRC-G3-1I 136.30 0.0199 135.89 0.005444 11.97 100 0.507 0.018 150
UHPFRC-G5-1 182.50 0.0273 135.89 0.0055 20.28 100 0.845 0.0178 150
UHPFRC-G5-1I 171.20 0.0207 135.89 0.0055 19.83 100 0.845 0.0178 150

(Continued on the following page)
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TABLE 2 (Continued) Stress-strain model test database.

Sample number f.. (MPa) Ecf f., (MPa) €co f1» (MPa) E; (Gpa) t;
(mm)

UHPFRC-GY-1 269.10 0.0322 135.89 0.0066 37.52 100 1.521 0.0184 150
UHPFRC-GO-II 250.30 0.0292 135.89 0.0066 37.11 100 1.521 0.0184 150
UHPC-C1-I 100.70 0.0104 87.99 0.004 3.53 200 0.167 0.0068 150
UHPC-CI-II 96.30 0.0097 87.99 0.004 3.38 200 0.167 0.0068 150
UHPC-C3-1 178.70 0.0195 87.99 0.0048 16.44 200 0.501 0.0102 150
UHPC-C3-11 157.00 0.0192 87.99 0.0048 14.75 200 0.501 0.0102 150
UHPC-C5-1 240.00 0.0262 87.99 0.00566 36.87 200 0.835 0.0143 150
UHPC-C5-1T 225.40 0.0252 87.99 0.00566 36.11 200 0.835 0.0143 150
UHPC-G5-1 168.30 0.0261 87.99 0.0053 19.6 100 0.845 0.0165 150
UHPC-G5-11 167.60 0.0306 87.99 0.0053 17.46 100 0.845 0.0165 150
Lu (2020)

G2A80-SV2-1 198.60 0.0144 110.9 0.00355 28.69 444 2,01 0.0161 100
G2A80-5V2-11 192.90 0.0141 110.9 0.00355 24.49 444 2,01 0.0137 100
G2A80-SV2-TIT 176.60 0.0143 110.9 0.00355 25.73 444 2,01 0.0144 100
G5A80-SV2-1 293.10 0.0218 110.9 0.00355 84 444 496 0.0191 100
G5A80-5V2-11 299.50 0.0217 110.9 0.00355 87.83 444 496 0.0199 100
G5A80-SV2-TIT 288.40 0.021 110.9 0.00355 79.72 444 496 0.0181 100
G2A60-5V2-1 146.50 0.0155 110.9 0.00355 15.99 212 2.05 0.0184 100
G2A60-SV2-11 162.20 0.0151 110.9 0.00355 16.02 212 2,05 0.0184 100
G2A60-SV2-1II 157.10 0.0151 110.9 0.00355 17.11 212 2.05 0.0197 100
G5A60-SV2-1 200.00 0.0183 110.9 0.00355 50.6 212 548 0.0218 100
G5A60-5V2-11 200.40 0.0182 110.9 0.00355 435 212 5.48 0.0187 100
G5A60-SV2-1IT 196.80 0.019 110.9 0.00355 45.24 212 5.48 0.0195 100
G2A80-5V2-TI(c) 180.00 0.0138 110.9 0.00355 26.47 444 2,01 0.0148 100
G2A80-SV2-1II(c) 192.00 0.0136 110.9 0.00355 254 444 2,01 0.0142 100
G5A80-5V2-1(c) 295.50 0.0245 110.9 0.00355 92.79 444 496 0.0211 100
G5A80-5V2-T1(c) 303.60 0.025 110.9 0.00355 96.2 444 496 0.0218 100
G5A80-SV2-TII(c) 295.50 0.0245 110.9 0.00355 91.18 444 4.96 0.0207 100
G2A60-5V2-1(c) 151.00 0.0147 110.9 0.00355 17.54 212 2.05 0.0202 100
G2A60-SV2-1I1(c) 143.20 0.0154 110.9 0.00355 16.28 212 2.05 0.0187 100
G5A60-5V2-1(c) 204.10 0.0281 110.9 0.00355 59.05 212 5.48 0.0254 100
G5A60-SV2-TI(c) 201.40 0.0258 110.9 0.00355 56.37 212 5.48 0.0243 100

(Continued on the following page)
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TABLE 2 (Continued) Stress-strain model test database.

10.3389/fmats.2023.1339386

Sample number f.. (MPa) Ecf fi, (MPa) €co f1» (MPa) E; (Gpa) t;
(mm)

G5A60-SV2-111(c) 213.00 0.0292 110.9 0.00355 64.79 212 5.48 0.0279 100
G2A80-SV0-I 192.90 0.0141 83.6 0.00271 2521 444 2.01 0.0141 100
G2A80-SVO-II 197.80 0.0134 83.6 0.00271 28.27 444 2,01 0.0158 100
G2A80-SVO-1I 195.00 0.0135 83.6 0.00271 24.26 444 2.01 0.0136 100
G5A80-SV0-1 267.50 0.0181 83.6 0.00271 73.62 444 496 0.0167 100
G5A80-SVO-11 261.90 0.0162 83.6 0.00271 65.98 444 496 0.015 100
G2A80-HV2-1 194.00 0.0131 1154 0.00364 26.05 444 2,01 0.0146 100
G2A80-HV2-1I 202.70 0.0122 1155 0.00364 2731 444 2.01 0.0153 100
G2A80-HV2-11I 205.00 0.0135 1156 0.00364 30.2 444 2,01 0.0169 100
G5A80-HV2-I 298.80 0.0184 1157 0.00364 70.96 444 496 0.0161 100
G5A80-HV2-1I 296.80 0.0179 115.8 0.00364 70.09 444 4.96 0.0159 100
G5A80-HV2-1IT 304.10 0.0193 115.9 0.00364 725 444 496 0.0165 100
G2A80-SV2(H)-1 171.00 0.0119 1312 0.00438 24.54 443 2.01 0.0138 100
G2A80-SV2(H)-III 178.20 0.0127 131.2 0.00438 2736 443 2,01 0.0154 100
G5A80-SV2(H)-1 289.10 0.0265 1312 0.00438 109.19 443 496 0.0248 100
G5A80-SV2(H)-1I 302.20 0.024 1312 0.00438 95.72 443 496 0.0218 100
G5A80-SV2(H)-11I 308.00 0.023 1312 0.00438 91.72 443 496 0.0209 100

influence parameters of axial compression performance of FRP
confined UHPC short columns is insufficient, such as specimen size,
slenderness ratio, steel fiber shape and other parameters. Therefore,
it is necessary to carry out relevant tests to verify the influence
of these parameters on the axial compression performance of
confined specimens.

3.5 Analysis of coupling effect of
influencing factors

In many studies, it can be observed that there are often multiple
experimental variables, so it is necessary to consider the interaction
between variables and the synergistic effects of different variables on
experimental results.

Tian etal. (2019a) investigated the coupled effects of FRP
thickness and steel fiber content on the ultimate strain and
compressive strength of FRP-confined UHPC specimens. The results
revealed that the influence of steel fiber content was more obvious
in the specimens with thinner walls. When the wall thickness
was sufficiently thick, the effect of steel fibers was less significant.
Liao et al. (2021) investigated the synergistic effects of specimen
dimensions, FRP thickness, and steel fiber content. The results
demonstrated that, for larger-sized specimens, increasing the steel

Frontiers in Materials

09

fiber content had only a slight enhancement effect on specimen
toughness at a relatively low confinement level. However, as the
confinement level increased, the strengthening effect of increasing
steel fiber content became more pronounced. Conversely, for
smaller-sized specimens, the impact of steel fiber content on
specimen toughness appeared to be insignificant even at a high
confinementlevel. Yoo et al. (2016) investigated the influence of steel
fiber shape on the size effect of specimens. The results indicated
that the use of longer steel fibers had a more pronounced mitigating
effect on the size effect of the specimens. Ma et al. (2022) studied
the effects of steel fiber content, types and layers of FRP on
the axial compression properties of constrained specimens. The
results showed that CFRP improved the ultimate strength of round
short columns significantly better than GFRP when the number
of FRP layers or steel fiber content was increased. Wang et al.
(2023b) investigated the coupling effect of “dual confinement” of
FRP and steel fibers on confined specimens. The results showed
that the addition of steel fiber could alleviate the stress reduction
effect of UHPC specimens. In the later stage of FRP-confined
UHPC loading, the existence of steel fibers had little effect on
the FRP constraint effect. Most of the existing studies focus
on the influence of a single variable on the axial compression
properties of constrained samples, while few studies on the coupling
effects of multiple variables. Correspondingly, there is a lack of
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(Continued).

comparative analysis of axial compression performance under
multiple variables.

4 Constitutive model of FRP-confined
UHPC columns under axial
compression

4.1 Summary of existing models

Currently, scholars had  conducted

experimental studies and theoretical analyses on the axial

many numerous
compression performance and stress-strain relationship of FRP-
confined ordinary concrete (Ozbakkalogluetal, 2013; Deng,
2015; Deng and Qu, 2015; Deng and Wang, 2015; Li and Zhou,
2022). Although some constitutive models had been proposed,
most of them were based on the modification of the constitutive
model of FRP-confined ordinary concrete to make it suitable for
FRP-confined UHPC models.

Zohrevand and Mirmiran, (2011) compared the experimental
data with Mander model (Mander et al., 1988), Samaan model
(Samaan et al., 1998), Toutanji model (Toutanji, 1999) and Lam-
Teng model (Lam and Teng, 2003), respectively. The results showed
that the Lam-Teng model provided the best fit for the stress-
strain response of most specimens. However, all models tended
to underestimate the ultimate strength at higher constraint ratios.

Frontiers in Materials

None of the models can make reasonable predictions for the
ultimate strain of UHPC specimens confined by FRP. Zohrevand and
Mirmiran, (2013) modified the stress-strain model of unconfined
UHPC proposed by Lam and Teng, and the accuracy of the
predicted stress-strain curve was significantly improved. Guler,
(2014) proposed a predictive model for FRP-confined UHPC and
compared it with a model for FRP-confined conventional concrete.
The results showed that the proposed model accurately predicted the
ultimate strength, consistent with experimental findings. Deng and
Wang, (2015) derived predictive formulas for the ultimate strength
and ultimate strain of confined specimens through regression
analysis, and modified the intercept in the Lam-Teng model. The
modified model was more favorable for predicting the ultimate
strength. Liang et al. (2020) conducted axial compression tests on
GFRP-confined UHPC specimens and derived formulas to calculate
the ultimate compressive strength and ultimate strain of UHPC
under GFRP confinement based on experimental results. Wang et al.
(2018b) evaluated the existing stress-strain models that can be used
for FRP-confined UHPC. The results showed that the strength model
proposed by Guler, (2014) provided a better prediction of ultimate
strength, and the strain model proposed by Cui and Sheikh, (2010)
provided a better prediction of ultimate strain. Liao etal. (2021)
evaluated four prediction models and the results showed that the
equations proposed by Dang etal. (2022) based on the Lam and
Teng, (2003) was more accurate in predicting both ultimate strength
and ultimate strain. The above models are shown in Table 1.
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4.2 Performance evaluation of existing
models

scholars had conducted a large number of experimental studies
and proposed many models. For the axial stress-strain models
summarized in the above section, their accuracy needs to be
Currently, the understanding of the confinement mechanism  considered. In this section, the above-mentioned models will be

of FRP-confined UHPC short columns is relatively mature. Many  evaluated through collected experimental data. To ensure a more
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(Continued). Comparisons between model predictions and test results. (A) Lam Teng model, (B) Cui and Sheikh's model, (C) Zohrevand and Mirmiran’s
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reliable evaluation, this study selected experimental data from
Liao et al. (2021), Lu, (2020) and Wang et al. (2018b) to establish a
fitting sample database, which is listed in Table 2.

In this study, the performance of the above stress-strain models
was evaluated and the key results predicted by the above models
(normalized ultimate axial stress fl f/ féo) and normalized ultimate
axial strain ¢.¢/¢,) were compared with the experimental results.
The performance of the selected models was quantified by three
statistical indicators: the mean M), the standard deviation (SD), and
the average absolute error (AAE) between the test results and the
predictions. The M and AAE given by Eqs 1, 2, respectively, were
used to evaluate the accuracy of the models, whereas the SD in Eq. 3
quantifies the scattering of predictions from each model. The results
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of these three indicators are indicated in the comparison chart.

zn pred,
i=1
M= i=1 exp; (1)
n
n | exp;—pred,
Zizl exp;
AAE = 2)
n
zn [pred,_(prij) ]2
SD = i=1| exp; exp / gyer 3)
n—1

where exp; is the i" experimental result; pred, is the i model
prediction; and # is the total sample number in the database.
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10

Test normalized ultimate stress ,fcf/fco

FIGURE 6
Model validation results.

e M=09§ il g | v vt
= AAE=0.06 8 AAE=031 ‘
cg 25 | sp=020 A 5 s | s
g 72208 g
s 2 5 A . ; L 20%
f i A

15 -~ A -' - ""‘
3 3 o B84
3 £ 4 o

- 5

g 1 g
s s <
= =
3 D (2022 %2
T 05 & Dang et al( ) k- 4 Dang et al(2022)
z O Huang et al.(2021) 2 O Huang et al.(2021)

0 0

0 05 1 15 2 2.5 3 0 2 4 6 8 10

Test normalized ultimate strain,scf/eco

The performance of the selected models is shown in Figure 4.
In general, the applicability and accuracy of the selected models
are limited. These models can give relatively accurate predictions
for the test results of some studies, but cannot provide satisfactory
predictions for most test results in the database. It can be observed
from Figure 4 that the fitting effect of each model on the test
data of Lu, (2020) is poor, mainly due to significant differences
in the FRP and UHPC material properties compared to other
specimens. For the two models proposed by Liao et al. (2022), they
are evaluated only based on the prediction accuracy of ultimate
stress and ultimate strain. It is worth noting that the two models
proposed by Liao et al. (2022) are suitable for different situations.
Because the data of different studies are difficult to coordinate, the
accuracy of prediction is affected.

Model I proposed by Liao et al. (2022) is considered as the best
model for estimating f/ f/ 11, with high fitting accuracy and low
dispersion., and its AAE and SD are 12% and 19%, respectively. The
second are the model modified by Liang et al. (2020) and Deng and
Wang, (2015). Their AAE are both 12%, but the degree of dispersion
is higher than that of Liao et al. (2022), and their SD are 24% and
25% respectively. As can be seen from the comparison of specific
test data in Figure 4, both Teng et al. (2009) and Cui and Sheikh,

Frontiers in Materials

(2010) model tend to overestimate ﬂf/ﬂo, while Guler, (2014)
model seriously underestimates f/ i f1,» resulting in 29% AAE and
46% SD. From the distribution of scatter plots, the test data with
higher constraint strength tend to overestimate the test results by
about 2-4 times.

The above models have poor performance in estimating extreme
strain, among which the model of Liao et al. (2022) has a relatively
good estimation of extreme strain, but its AAE is also as high
as 24%, and its predictions are relatively discrete. The Teng et al.
(2009) model and the modified Lam-Teng model by Zohrevand and
Mirmiran, (2013) fit well with the experimental data of Wang et al.
(2018b) and Liao et al. (2021), but the predicted results for the test
data of Lu (2020) are not satisfactory. The predictions of other
models for ultimate strain can only be adapted to their own test
results, and cannot provide satisfactory predictions for the majority
of test results from other studies.

4.3 Forecasting model modification

Most of the existing prediction models are based on FRP-
confined ordinary concrete, and it is believed that the strength
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confinement efficiency increases with the increase of confinement
ratio. Samaan model (Samaan etal,, 1998) believed that the
relationship between strength and constraint ratio was nonlinear.
Deng and Wang, (2015) modified Samaan model and the predicted
value was relatively close to the experimental value. Considering
the influence of FRP ultimate strain and constraint stiffness, an
empirical formula for predicting the compressive strength of FRP-
confined UHPC was obtained by regression of the experimental data
collected in this study:

fi

a4

7

co

Ty
— =0.35+2.566

féD

Using the regression formula (Eq.4) for calculations, the

(4)

predicted values show a good agreement with the experimental
values.

On the basis of Zeng etal’s FRP confined concrete model
(Zeng et al., 2020) with the large rupture strain (LRS), Liao etal.
obtained the ultimate strain prediction model by regression, and the
prediction effect is relatively good. Based on the modified model of
Liao et al., the following ultimate strain formula (Eq. 5) was fitted
according to the test data collected in this paper, and it exhibits a

0.216
> < gh’mp >0.168
660

The fitting effect of the revised model was shown in
Figure 5. Compared with the model before correction, the

good predictive performance:

3
A 5.264( S

)
£CO

(5)

co

prediction accuracy of the revised model has improved both
in terms of ultimate stress and ultimate strain. Especially
for the prediction of ultimate strain, the mean value is
1.05, with the AAE reduced to 18%, and the degree of
dispersion is also improved. However, the prediction results
for ultimate stress and ultimate strain are larger than the
experimental values.

In order to verify the reliability and applicability of the modified
models, the test data of Huang et al. (2021) and Dang et al. (2022)
were selected for simulation. The selected test data are based on
the axial compression test of FRP-confined UHPC circular short
columns. The models verification results are shown in Figure 6.
The prediction accuracy of the ultimate stress is high, and its
AAE is 6%, indicating that the modified ultimate stress prediction
model has good universality. However, the prediction effect of
ultimate strain is far less than that of ultimate stress. Similar trends
have also been reported in previous studies on FRP-confined NSC
Bai et al. (2019); Pimanmas and Saleem, (2019); Yuan et al. (2022b).
First, the stress measurement technique is more reliable than the
strain measurement technique, and the strain measurement may be
affected by the premature failure of the sample. Secondly, different
mix proportions of UHPC and different methods of applying FRP
constraints (FRP cloth or tube) may also interfere with the strain
measurement results.

5 Conclusion and prospect

Through the study of axial compression test of FRP-confined
UHPC short columns and the analysis of its stress-strain relationship
models, it can be seen that:
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(1) With the increase of FRP thickness, the bearing capacity
and ductility of the specimens are improved. Steel fiber can
improve the brittle characteristics of UHPC columns, and
an appropriate amount of steel fiber can also improve the
ultimate bearing capacity of the specimens. With the increase
of the fiber winding angles, the ultimate bearing capacity of
the confined specimens increases, but it has little effect on the
ultimate axial strain. Most of the existing studies focus on a
single variable, and there is a lack of research on the coupling
effect of multiple variables.

(2) Evaluation of existing models suggests that the modified
models by Liang etal. and Deng etal. provide the best
predictions with high accuracy for ultimate stress, although
the existing models show a good prediction performance
for ultimate stress, the prediction of ultimate strain remains
unsatisfactory.
(3) Based on the data collected in this study, the axial compression
stress-strain model was modified. The modified model has
improved the prediction accuracy of both ultimate stress and
ultimate strain. Research on the axial stress-strain model
of FRP-confined UHPC columns is limited, and further
experimental research is needed to refine and validate the
existing models.
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