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7  Abstract

8 A novel composite column, consisting of an outer fiber-reinforced polymer (FRP) tube, an

9 inner high strength concrete (HSC) core and an engineered cementitious composite (ECC) ring,
10  has been proposed and investigated. Compared with normal FRP-confined HSC column, the
11 FRP-ECC-HSC composite column could exhibit superior deformability performance. In this
12 study, mechanical analysis was firstly conducted on the composite column to investigate the
13 interaction behavior among different components, i.e. HSC core, ECC ring and FRP tube.
14  Modified analysis-oriented models were proposed for HSC and ECC under uniform FRP
15  confinement. Furthermore, finite element (FE) models were also established with the use of
16  accurate concrete damaged plasticity (CDP) model to simulate the behavior of the composite
17  column, especially the ECC ring which is under non-uniform confinement. The material
18  property data used in the FE models were generated by the modified analysis-oriented models.
19 It is shown that the FE models can provide close predictions on the axial load-axial strain
20  behavior and hoop strain-axial strain behavior compared with test results. Meanwhile, stress
21  distribution over the composite column section as well as the influence of ECC ratio were

22  discussed with the validated FE model.

23 Keywords: FRP-ECC-HSC, composite column, non-uniform confinement, mechanical
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1. Introduction

In recent years, fiber-reinforced polymer (FRP) confined high strength concrete (HSC) column
is widely investigated in research and has been applied in engineering practice. The structural
behavior, including both compressive loading capacity and deformability, can be effectively
improved compared with unconfined HSC columns [1-3]. However, due to the highly brittle
nature of HSC under compression, localized FRP rupture may occur, leading to premature
failure of the column [4]. A novel composite column, consisting of an outer FRP tube, an inner
HSC core and an engineered cementitious composite (ECC) ring, has been proposed and
experimentally investigated under axial compression by the authors [5]. It shows that the ECC
ring could effectively redistribute the strain from HSC core to FRP tube, leading to a more
uniform hoop strain on the FRP tube. Column failure is delayed with an improved ultimate
axial compressive strain. Consequently, the FRP-ECC-HSC composite column could develop

better deformability in comparison to the normal FRP-confined HSC column.

Extensive analysis-oriented models have been proposed to predict the axial compressive
behavior of FRP-confined concrete [6-10]. Researchers consider the interaction behavior of
confining FRP and confined concrete, with equations describing the relations among axial
stress, axial strain, hoop strain and confining pressure. Jiang and Teng’s model [6] was
developed based on a large database of FRP-confined normal strength concrete and has been
widely accepted, while Lim and Ozbakkaloglu [7] conducted a series of tests on FRP-confined
HSC and proposed the corresponding analysis model, which is more suitable for high strength
concrete. However, these models are only applicable to uniformly FRP-confined concrete,
which is with circular cross-section. For FRP-confined concrete with rectangular, square,
elliptical or annular sections, the concrete is under non-uniform confinement and the
compressive stress-strain behavior cannot be given directly by the analysis-oriented models

[11,12]. Design-oriented model, which is directly regressed based on test results, is another



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

approach for FRP-confined concrete [13,14]. However, design models are highly empirical and
cannot provide accurate predictions if the test database is limited. Finite element (FE) modeling
is an approach which could be adopted when analysis-oriented models and design-oriented
models cannot be directly used for FRP-confined concrete, especially for the cases of non-
uniform confinement [11,15-21]. Yu et al. [15,16] established confined concrete properties
with concrete damaged plasticity (CDP) model in ABAUQS to simulate the axial compressive
behavior of FRP-confined concrete of square and annular sections. It was found that good
agreements on axial stress-axial strain relations and hoop strain-axial strain relations could be
obtained compared with test results. Lo et al. [17] conducted finite element analysis on FRP-
confined rectangular concrete columns under axial compression and numerically assessed the
non-uniform effects in the rectangular sections. Ribeiro et al. [18] and Zeng et al. [19]
established the three-dimensional finite element model to simulate the compressive behavior
of FRP-confined concrete. Hany et al. [20] and Li et al. [21] developed the improved concrete
damaged plasticity models to generate the material properties of confined concrete with

complex stress fields.

FRP-confined ECC, as a composite structural form with advanced concrete material confined
with FRP, has not been widely investigated in the current stage. It is noted that the dilation
behavior of FRP-confined ECC is different from that of FRP-confined normal concrete under
axial compression, due to the presence of fiber in ECC mix. Li et al. [22] experimentally
investigated the compressive behavior of ECC under different confining pressures and
proposed equations to predict the enhanced compressive strength and strain. Dang et al. [23]
compared the structural performance between FRP-confined ECC cylinders and FRP-confined
normal concrete cylinders and developed prediction models for the ultimate conditions. Yuan
et al. [24] evaluated the existing hoop strain-axial strain models for FRP-confined ECC against

test results and proposed the modified models. Li et al. [25] recently developed a novel FRP-
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concrete double tube composite column and compared the compressive behavior of the
columns with normal concrete or ECC as the ring concrete. It was reported that the columns
with ECC ring had the slower development of lateral dilation and could achieve an improved
ultimate column deformability. Based on the current research, the analysis and design models
for FRP-confined normal concrete may not be applicable to FRP-confined ECC [23,24].
Therefore, it is worth carrying out more studies on FRP-confined ECC to develop suitable

prediction models.

Experimental investigations on the FRP-ECC-HSC composite column under axial compression
have been conducted by the authors [5]. Detailed information of the tested specimens is listed
in Table 1. For FRP-ECC-HSC composite column, the mechanism is more complicated due to
two types of concrete involved. HSC core is uniformly confined, while ECC ring is subjected
to non-uniform confinement. In this study, mechanical analysis on the composite column was
firstly conducted to understand the interaction behavior among FRP tube, ECC ring and HSC
core. Analysis-oriented models were developed for FRP-confined HSC and ECC, respectively.
FE models were also established with accurate material properties based on the developed
analysis-oriented models, and then validated against test results. It is noted that both
mechanical analysis and finite element approach were used to investigate the stress distribution
and confining pressure in the FRP-ECC-HSC composite column in this study. Mechanical
analysis was carried out assuming that the materials were in elastic range, so that Hooke’s law
could be followed. One the other hand, accurate elastic-plastic material properties for confined
concrete were considered in FE models. Therefore, results obtained through the two approaches
cannot be compared directly. However, they can both showcase and help understand the

working mechanism of the composite column.



98 Table 1 Details of tested specimens (Adopted from Li et al. [5])
HSC core ECC ring FRP tube
Specimen ID Strength . Elastic modulus Diameter Strength . Elastic modulus  Thickness Hoop tensile elastic  Thickness
(MPa) Strain (MPa) (mm) (MPa) Strain (MPa) (mm) modulus (MPa) (mm)
FH70 75.4 0.0028 32000 200 - - - - 39800 2.5
FH70-R 75.4 0.0028 32000 200 - - - - 39800 2.5
FE50H70-15 75.4 0.0028 32000 170 55.2 0.0046 15300 15 39800 2.5
FE50H70-15-R 75.4 0.0028 32000 170 55.2 0.0046 15300 15 39800 2.5
FE50H70-25 75.4 0.0028 32000 150 55.2 0.0046 15300 25 39800 2.5
FE50H70-25-R 75.4 0.0028 32000 150 55.2 0.0046 15300 25 39800 2.5
FH90 96.8 0.0032 35300 200 - - - - 39800 2.5
FH90-R 96.8 0.0032 35300 200 - - - - 39800 2.5
FE50H90-15 96.8 0.0032 35300 170 55.2 0.0046 15300 15 39800 2.5
FE50H90-15-R 96.8 0.0032 35300 170 55.2 0.0046 15300 15 39800 2.5
FE50H90-25 96.8 0.0032 35300 150 55.2 0.0046 15300 25 39800 2.5
FE50H90-25-R 96.8 0.0032 35300 150 55.2 0.0046 15300 25 39800 2.5

99 Note: “F”, “E” and “H” represent the FRP tube, ECC ring and HSC core, respectively. “50”, “70” and “90” represent the different concrete grades of ECC ring and HSC core.

100 Specimen ID with “R” refers to a repeated specimen.
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2. Mechanical analysis

2.1 Stress distribution

For FRP-ECC-HSC composite column under axial compression, as shown in Fig. 1, HSC core
and ECC ring are compressed in the axial direction and will expand in the lateral direction. The
lateral dilation causes tensile force in FRP tube, which leads to the confining pressure on the
inner concrete. Based on the theory of material mechanics [26], stress distribution of the

composite column is calculated and presented in this section.

It should be noted that the following calculation is carried out in elastic stage, so that Hooke's
law can be used to determine the stress-strain relationship of the material. Plane polar
coordinate system is used in the analysis, with r, 8 and z for radial, circumferential and axial
directions respectively. Because of radial symmetry, no shear stresses exist over the section
and o, and gy are two lateral principal stresses. An unknown pressure p; can be assumed on
the interface between the HSC core and ECC ring. On the interface, the radial stress g, acting
on both the HSC core and ECC ring equals to p;. Meanwhile, there is no gap between HSC

core and ECC ring, leading to the equal radial displacements on both sides of the interface.

Axial compression Axial compression

HSC core

ECC ring

FRP tube

Uniform pressure

Fig. 1 FRP-ECC-HSC composite column under axial compression
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120 Fig. 2 Simplified calculation diagram of ECC ring

121 In the composite column, HSC core is under uniform confinement and the confining pressure
122 equals to p; for the whole core section. For the ECC ring, it is subjected to outer pressure p,
123 and inner pressure p;. Fig. 2 shows the simplified calculation diagram of ECC ring, with the

124  inner radius a and outer radius b.

125  One element, with the location of (r, 8, z), is chosen for the analysis. Equations of equilibrium,

126  compatibility relations and stress-strain (constitutive) relations are adopted.

127  Equation of equilibrium in r direction:

00ry laaer 00zr |, Orr—0g¢ _
128 ar +r a0 + dz + T th =0 (1)

129  where stress components gg,, = g, = 0, body force F. = 0, and Eq. (1) yields:

0oyr

130 099 = Orr =T~ (2)

131 g9y = 221 3)

132 Equation of geometric and strain compatibility relations:

du u
133 Er =5 €00 =7 (4)
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Based on Eq. (4), the following expression can be obtained:

_ _ dé‘gg
Err Epg =T ar (5)

Since elastic material is considered here, linear stress-strain behavior can be expressed as:
1 1
&r =4 [0rr — V(009 + 022)]; €00 = z [o6 — v(0pr + 0,2)] (6)
By substitution of Eq. (6) into Eq. (5), &, and €g¢ can be eliminated:
do do
r (%222 — v 22) = (1 + ) (0 — 090) (7

By substitution of Eq. (3) into Eq. (7), the following expression can be obtained:

d(orr+ogg) _
dr =0 (8)
which yields the result:
Oyr + Ogg = 2C (9)

where 2C is a constant parameter. By substitution of Eq. (3) into Eq. (9) to eliminate gy4:

d T
L2+ 6y = 2C (10)
Multiply both sides of Eq. (10) by r:
a LA a(r? rr
r%waﬂ:%:za (11)

Calculate the differential function and o, and ggg can be solved as follows:

A A
O =5 +C Ogg = — > +C (12)
The constants A and C can be determined by the boundary conditions o,,, = —p; atr = a and

o, = —p, atr = b. Then the lateral principal stresses over the ring section can be solved as:
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— azbz(pZ_pl) P1a2—P2b2 (13)

rr r2(b2-a?) p2—q?
a’b?(py— a?-p,b?
Gog = — (p2—p1) , P1a°—p2 (14)
rZ(bZ_aZ) b2—q2

According to Egs. (4), (6), (13) and (14), displacement in the radial direction can be solved as

follows:

r

_ (1+v)a?b?
U= r0r-ar) [

(1 =v)(pia® —pb?) + 2 (p1 — p2) — (b* — a*)vo,,] (15)

For the ring section, the displacement at r = a can be solved based on Eq. (15), with E = E,,

and v = v, representing the Young's modulus and Poisson’s ratio of ECC:

a

uo,r:a = m [(1 - Vo)(piaz - pobz) + (1 + Vo)bz(pi - po) - (bz - az)voEogzz]

(16)

where p; is inner pressure and p, is outer pressure applied on the ECC ring. &,, is axial

shortening strain of the composite column.

For the core section, the radial displacement at r = a can be solved as follows based on Egs.

(4) and (6):
Uipma = 7 [=(1 = v)p; — Vi, (17)

where p; is the confining pressure applied on HSC core and equals to the inner pressure applied

on the ECC ring. E; and v; are the elastic modulus and Poisson’s ratio of HSC core respectively.

There is no gap on the interface between the ring and core in the composite section, which

leads to Uy =g = U;r=q. The pressure p; can be calculated as:

E.
szE_;po+ (Vo—v))(b*—a?)E;ez,

pi = (18)

E; E;
—(a?+b?)+(1+vo=—v;)(b?—a?)
Eo Eo
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For FRP-ECC-HSC composite column, p, is the outer pressure applied on the ECC ring, which

is also the confining pressure provided by the FRP tube. It can be expressed as:
Efest
po =0, =" (19)

where R is the inner radius of FRP tube and equals to b for this case, Ef, &f, tf are the Young's
modulus, rupture strain and thickness of FRP tube respectively. For FRP-confined concrete of
circular section, the hoop strain of FRP equals to the circumferential strain of the concrete

element next to the FRP. Therefore, it yields the following equation:
& = €90,r=b (20)

Based on Eqgs. (4), (6), (15) (19) and (20), the following expression can be obtained:

Eft
Po = %m[(l - Vo)(piaz - pobz) + (1 + Vo)bz(pi - po) - (bz - az)voEogzz]

1)

Using Eqgs. (18) and (21), the confining pressure p, applied on the ECC surface and the
confining pressure p; applied on the HSC core can be solved and expressed with the following

functions:
Po = f(Ei' E,, v, v, Ezz) (22)
pi = 9(Ei, Eo, vy, 0, €57) (23)

In the FRP-EC-HSC composite column, elastic modulus of the ECC is much lower compared
with that of HSC due to the absence of coarse aggregate. However, Poisson’s ratio is nearly
the same for these two cementitious materials. The tested Poisson’s ratio was 0.21 for both

HSC and ECC [5]. Therefore, Eq. (18) can be rewritten as:

2p2 2L

p; = = Po (24)

E-: .
—(a?+b?)+(1+vo=—v;)(b?—a?)
Eo Eo
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in which it can be noted that the inner pressure p; is independent on the axial compressive
strain and is proportional to the outer pressure p,. A parameter k is assigned as the transfer
coefficient from the outer pressure to the inner pressure, considering the effect brought by the

ECC ring in the composite column.

2p2 2L
k= Bo (25)

E; Ej
—+(a?+b?)+(1+vo=—v;)(b?—a?)
Eo Eo

It should be noted that for the concrete core, the confining pressure is uniformly distributed.
Also, the radial stress and circumference stress are equal, which is the same as FRP-confined
concrete cylinder. For the concrete ring, the two lateral stresses are not equal. Both radial stress
and circumference stress at different locations over the ring section can be determined based

on the above calculations, assuming the elastic material properties.

2.2 Transfer coefficient k

As shown in Eq. (25), it can be found that the coefficient k is related to Young's modulus and
Poisson's ratio of the core and ring materials. In this present study, v, = v; = 0.21. Fig. 3
shows the variation of coefficient k with the change of Elastic Young’s modulus ratio E;/E,,

for different ratios of inner and outer ECC radius in the range of a/b = 0.1 — 0.9.

1.8
1.6 R
L e
1.4 e A T —
1.2
1.0 "‘;' i a/b=0:1
w2 + _
a/b=0.2
08T ﬁ a/b=03
0.6 a/b=0.4
a/b=0.5
0.4 f¥ a/b=0.6
a/b=0.7
0.2 a/b=0.8
a/b=0.9
S NPl A
0 1 2 3 4 5 6 7 8 9 10 11

E‘)/ED

Fig. 3 Relation between coefficient k and Young’s modulus ratio E;/E,
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The following conditions can be observed and summarized:

(1) When E; > E,, p; > p,, it indicates that the confining pressure acting on the concrete core
is larger than that provided by the confining FRP, if the concrete core has larger Elastic
Young's modulus compared with the concrete ring. It can be found that the curve is
approaching a constant value k,,,, with the increase of E;/E, for a certain a/b value.
Kmax 18 summarized in Table 2. Coefficient k is also related to the diameter ratio a/b, and
the value of k,,,, increases with the decrease of a/b. It indicates that for a composite
column of certain outer diameter and with certain confining material used, the thicker the
ring section is, the larger the confining pressure will be produced and applied on the core

section.

(2) When E; = E,, p; = p,, confining pressure is uniformly distributed over the whole column

section, which is the same as FRP-confined one-grade concrete.

(3) When E; < E,, p; < po, k will increase with the increase of a/b under a certain value of

E;/E,, which is on the contrary to that when E; > E,,.

Table 2 Value of k,,,, for different a/b

a/b 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Kmax 1.68 1.65 1.59 1.53 1.44 1.36 1.26 1.17 1.08

Table 3 Coefficient k for FRP-ECC-HSC specimens

ID ECC ratio E,/E, k
FE50H70-15 0.278 2.09 1.06
FE50H70-25 0.438 2.09 1.10
FE50H90-15 0.278 2.31 1.07
FE50H90-25 0.438 2.31 1.11
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For the FRP-ECC-HSC composite column, elastic modulus of HSC core is larger than that of
ECC ring. Therefore, the confining pressure applied on HSC core is larger compared with that
provided by the FRP tube. Transfer coefficient k, which can also be regarded as the confining
pressure enhancement ratio, is listed in Table 3 for the investigated FRP-ECC-HSC specimens.
ECC ratio a can be defined as the ratio of ECC ring area over the confined concrete area as

follows:

=0, =", + a0 20

where A,, A, and A, represent the sectional areas of ECC ring, HSC core and the whole
confined concrete. It can be observed that the value k is similar for specimens with C70 and
C90 as HSC core, due to insignificant difference on the elastic modulus. k will increase with
the increase of ECC ratio. The confining pressure applied on HSC core is enhanced by around

6% and 10% respectively, for specimens with ECC thickness of 15 mm and 25 mm.

3. Analysis-oriented model for FRP-confined concrete

Existing analysis-oriented models can give predictions on the stress-strain behavior of concrete
under uniform confinement, such as the FRP-confined circular solid concrete. For the FRP-
ECC-HSC composite column, however, the analysis models cannot provide direct predictions
since the ECC ring is under non-uniform confinement, with the confining pressure varying at
different locations. Therefore, finite element (FE) modeling is used to simulate the compressive
behavior of FRP-ECC-HSC composite columns. Accurate elastic-plastic material properties
for confined concrete are needed to input into the FE models. Analysis-oriented models, which

are presented in this section, are used to generate the input material data.

3.1 FRP-confined HSC
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The basic concept of analysis-oriented models for FRP-confined concrete is using equations to
describe the interaction of the following four parameters under uniform confinement: axial
strain &, axial stress ., lateral strain &; and lateral stress g;. Compared with design-oriented
models which can give predictions on the ultimate compressive strength and strain with closed
form empirical equations, analysis-oriented models provide predictions on the whole stress-
strain curve of confined concrete, which are more theoretically based and versatile. Three
relationships are included in analysis-oriented models: (1) axial stress-axial strain (o, — &)
relations under certain confining pressures; (2) lateral strain-axial strain (g; — €.) relations and
(3) lateral stress-lateral strain (g; — &;) relations. For uniformly confined concrete (circular
sections), lateral stress o; in concrete is equal to the confining pressure f; provided by the
confining material. Based on the equilibrium condition, o; or f; can be calculated using Eq.

(19).

Extensive equations for o, — &, relations of concrete under certain confining pressure have
been proposed in the literature [27,28]. They are also termed as actively-confined models, since
the confining pressure is independent with the loading process. By contrast, FRP-confined
concrete is termed as passively-confined, with the confining pressure increasing linearly with
the increase of lateral strain (as the relationship presented in Eq. (19)). Most of the analysis-
oriented models assume that the axial stress for FRP-confined concrete is the same as that for
actively-confined concrete under the same axial strain and lateral strain. However, some
research figured out this assumption is not correct, since the axial stress for FRP-confined
concrete is found to be lower than that for actively-confined concrete under the same axial
strain, especially for high strength concrete. Lim and Ozbakkaloglu [7] proposed an approach
to consider this path-dependence behavior. Reduced confining pressures are adopted in o, —
. relations, so that the axial stress obtained from actively-confined models is closer to the

actual axial stress of FRP-confined concrete. The reducing value of confining pressure is
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generated by empirical equations [29]. This approach is validated against a large test database,
which consists of large amount of high strength concrete data especially. Therefore, it is
adopted in this study for the confined HSC core in the FRP-ECC-HSC composite column.

Detailed information can refer to Lim and Ozbakkaloglu [7].

Hoop strain-axial strain relationship (& — &) reflects the dilation behavior and has direct
influence on the confining pressure for FRP-confined concrete. Fig. 4 presents the comparison
of hoop strain-axial strain curves between test results of FH70 and FH90 specimens and the
corresponding predictions by the existing models [27,30,31]. It shows that Lim and
Ozbakkaloglu’s model [30], with the expression as shown in Eq. (27), could provide the closest

predictions overall in terms of the curve shape.

2

1+0.03f"
e
VEco

0.8
g, = +0.04,%7 [1 +21 (ﬂ) ] 27)

!
feo

1/(140.03f L)

where v is Poisson’s ratio of concrete; f/, and €., are compressive strength and the

corresponding strain of unconfined concrete.

0.000 0.000 %
L \ | \
A ot
-0.003 \\g -0.003
£ -0.006 \\\ ' -0.006 N
T -0.009 : T -0.009
D\\ FHO0(-R) (T %
| ——FH70(-R) (Tests) | — (-R) (Tests) .
——Teng et al. [27] o e T§I g etal. [27] t\\
-0.012 oy Litii and Ozbakkaloglii [30] ;\n Q\\ -0.012 b —=—1L 11-1 and r‘l-ﬂmkl(qlngln [’&ﬂ
| —+—Lai and Ho [31] | ——Lai @dHO [31
- — —Modified model — — —Modified model
-0.015 -0.015
0.000 0.005 0.010 0.015 0.020 0.000 0.003 0.006 0.009 0.012 0.015
Axial strain Axial strain
(a) FH70 specimens (b) FH90 specimens

Fig. 4 Comparisons of hoop strain-axial strain behavior between test results and predictions

for FRP-confined HSC
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However, the slope of the curve for the strain hardening stage is still not in line with each other
between the test results and Lim and Ozbakkaolglu’s model predictions. This difference will
also lead to inconsistency of the axial stress-axial strain behavior. It is found that the coefficient
21 and index 0.8 in Eq. (27) have large influence on the slope of the curve. In order to describe
the hoop strain-axial strain behavior of FRP-confined HSC more accurately, modified equation

based on Lim and Ozbakkaloglu’s model could be proposed as Eq. (28):

£l
!
. 1+0.03f’0 1/(1+40.03f ¢g)
v 1+(—l ) ¢
VEcO

B
g, = +0.04¢,%7 [1 +4(4) ] (28)

feo

where A and B are the two parameters needed to be modified. It should be noted that Eq. (27)
was developed using the large database consisting of both normal strength concrete and high
strength concrete confined by different types of FRP, such as Carbon FRP (CFRP), Aramid
FRP (AFRP) and Glass FRP (GFRP). Meanwhile, both FRP wrap confined concrete and FRP
tube confined concrete were considered [30]. Therefore, it may lead to the reason that Eq. (27)
could not give the best predictions to the test results of FH70 and FH90, which are high strength

concrete confined by GFRP tube.

To calibrate parameters A and B, additional test data of GFRP tube-confined HSC were
collected from the literature and listed in Table 4 [32,33]. All the specimens included have the
normal diameter of 200 mm with the unconfined concrete strength ranging from 54.1 MPa to
104.4 MPa. By analysing the test data, it is found that the hoop strain-axial strain relation is

also associated with confining stiffness K;, which can be expressed as:

2E¢t
K =~ (29)

where Ef and t; are the Young’s modulus and thickness of FRP tube, and D is the diameter of

the confined concrete. The parameter A is linearly correlated with K; (unit in MPa) as follows:
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A =49 — 0.0034K, (30)

B is assigned as 1.13 to best fit the test data. With this modified model, ultimate axial strain
corresponding to the actual hoop rupture strain can be calculated as well and are listed in Table
5 for the collected test data. Close agreement between the test results and the predicted results
by the modified model can be obtained as shown in Fig. 5. Meanwhile, predictions of ultimate
axial strain calculated by the existing models are also presented in Table 5 and Fig. 5.
Satisfactory behavior of the newly modified model can be observed through the comparison.
It is worth noting that Lai and Ho’s model [31] could also provide good predictions on the
ultimate axial strain in terms of the values of mean and coefficient of variation. However, its
predictions are not consistent with the test results for the initial part of the hoop strain-axial
strain curve as presented in Fig. 4. Therefore, the modified model, instead of Lai and Ho’s

model [31], is adopted in this study.
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Table 4 Test data for HSC filled GFRP tube

Concrete GFRP tube Test results
Source Specimen label feo E, Ef tr foe
(MPa) ©  (GPa) (GPa)  (mm)  (MPa) “hrup Fec
Li et al. [5] FH70 75.4 0.0028 32 39.8 2.5 82.1 0.0116 0.0144
FH70-R 75.4 0.0028 32 39.8 2.5 84.3 0.0121 0.0152
FH90 96.8 0.0032 353 39.8 2.5 94.0 0.0117 0.0123
FH90-R 96.8 0.0032 353 39.8 2.5 94.2 0.0112 0.0124
Zhang et al. [32] S54-2FW-M 54.1 0.0025 27.8 45.9 22 101.3 0.0143 0.0225
S54-2FWCl1 54.1 0.0025 27.8 45.9 22 86.0 0.0108 0.0176
S54-2FWCl1 54.1 0.0025 27.8 45.9 2.2 88.7 0.0111 0.0189
S84-4FW-M 84.6 0.0027 33.1 45.9 4.7 156.1 0.0117 0.0220
S84-4FW-C 84.6 0.0027 33.1 45.9 4.7 152.3 0.0110 0.0239
S84-9FW-M 84.6 0.0027 33.1 45.9 9.5 236.2 0.0112 0.0317
S84-9FW-C 84.6 0.0027 33.1 45.9 9.5 236.2 0.0105 0.0322
S104-4FW-M 104.4 0.0031 36.5 45.9 4.7 188.8 0.0119 0.0264
S104-4FW-M 104.4 0.0031 36.5 45.9 4.7 179.6 0.0132 0.0258
S104-4FW-M 104.4 0.0031 36.5 45.9 4.7 167.6 0.0109 0.0238
Zhang et al. [33] C59-F80-T4-1 58.8 0.0027 36.3 36.2 4 115.3 0.0113 0.0213
C59-F80-T4-2 58.8 0.0027 36.3 36.2 4 113.0 0.0121 0.0205
C59-F80-T6-1 58.8 0.0027 36.3 36.2 6 158.2 0.0120 0.0281




C59-F80-T6-2 58.8 0.0027 36.3 36.2 6 153.5 0.0120 0.0287
C80-F80-T4-1 80.2 0.003 42.4 36.2 4 126.8 0.0103 0.0146
C80-F80-T4-2 80.2 0.003 42.4 36.2 4 135.1 0.0098 0.0170
C80-F80-T6-1 80.2 0.003 42.4 36.2 6 180.7 0.0120 0.0239
C80-F80-T6-2 80.2 0.003 42.4 36.2 6 171.7 0.0120 0.0251
327
328 Table 5 Predictions on ultimate axial strain €., by different models
Test resuls Predictions by Predictions by Lim and  Predictions by Predictions by the
Source Specimen label Teng et al. [27] Ozbakkaloglu [30] Lai and Ho [31] modified model
Eccpre Eccpre Eccpre Eccpre
Ecc test €cc,pre Ece test €cc,pre % €cc,pre m Ecc,pre m
Lietal. [5] FH70 0.0144 0.0155 1.07 0.0128 0.89 0.0148  1.03 0.0142 0.99
FH70-R 0.0152 0.0162 1.07 0.0134 0.88 0.0156  1.02 0.0150 0.99
FH90 0.0123 0.0145 1.18 0.0118 0.96 0.0133  1.08 0.0124 1.01
FH90-R 0.0124 0.0139 1.12 0.0113 0.91 0.0127  1.02 0.0118 0.95
Zhang et al. [32] S54-2FW-M 0.0225 0.0235 1.04 0.0195 0.87 0.0240  1.07 0.0255 1.13
S54-2FWC1 0.0176 0.0166 0.94 0.0140 0.79 0.0166  0.94 0.0167 0.95
S54-2FWCl1 0.0189 0.0171 0.91 0.0144 0.76 0.0172 091 0.0174 0.92
S84-4FW-M 0.0220 0.0233 1.06 0.0187 0.85 0.0224  1.02 0.0233 1.06

S84-4FW-C 0.0239 0.0215 0.91 0.0173 0.73 0.0206  0.86 0.0212 0.89




S84-9FW-M 0.0317 0.0377 1.19 0.0278 0.88 0.0360  1.13 0.0360 1.14

S84-9FW-C 0.0322 0.0345 1.07 0.0255 0.79 0.0327  1.01 0.0324 1.01
S104-4FW-M 0.0264 0.0219 0.83 0.0172 0.65 0.0199  0.75 0.0202 0.77
S104-4FW-M 0.0258 0.0249 0.96 0.0194 0.75 0.0229  0.89 0.0236 0.91
S104-4FW-M 0.0238 0.0197 0.83 0.0156 0.65 0.0178  0.75 0.0179 0.75

Zhang et al. [33] C59-F80-T4-1 0.0213 0.0218 1.02 0.0176 0.82 0.0212  1.00 0.0224 1.05
C59-F80-T4-2 0.0205 0.0237 1.16 0.0191 0.93 0.0233 1.14 0.0249 1.22
C59-F80-T6-1 0.0281 0.0318 1.13 0.0244 0.87 0.0311  1.11 0.0345 1.23
C59-F80-T6-2 0.0287 0.0318 1.11 0.0244 0.85 0.0311  1.08 0.0345 1.20
C80-F80-T4-1 0.0146 0.0184 1.26 0.0147 1.01 0.0169 1.16 0.0153 1.05
C80-F80-T4-2 0.0170 0.0174 1.02 0.0139 0.82 0.0159  0.94 0.0143 0.84
C80-F80-T6-1 0.0239 0.0263 1.10 0.0203 0.85 0.0245  1.03 0.0259 1.09
C80-F80-T6-2 0.0251 0.0263 1.05 0.0203 0.81 0.0245  0.98 0.0259 1.03
Mean 1.05 0.83 1.00 1.01
Cov 0.106 0.104 0.111 0.127
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Fig. 5 Comparison of ultimate axial strain between predictions and test results
Hoop strain-axial strain (g; — &) curves generated with the modified model is plotted in Fig.
4 for the comparison with test curves of FH70 and FH90 specimens. It shows that enhanced
agreements with the test results can be obtained compared with the original model and other
existing models. It is noted that the comparisons of the hoop strain-axial strain curve between
the modified model predictions and test results are not presented for the additional collected
data [32,33] in Fig. 4, since the whole hoop strain-axial strain curves were not reported in the

corresponding paper.

The modified €; — ¢, equation is used together with the actively-confined model proposed by
Lim and Ozbakkaloglu [7] and the g; — ¢; relationship presented in Eq. (19) to form the newly
proposed analysis-oriented model for FRP-confined HSC core in this study. The axial stress-
axial strain curves for FH70 and FH90 specimens are shown in Fig. 6. Close agreements can
be obtained between the test results and predictions by the modified analysis-oriented model.
Furthermore, it can be seen that the accurate model for hoop strain-axial strain relation is of
vital importance for the prediction of axial stress-axial strain behavior of FRP-confined
concrete. This modified analysis-oriented model will be used to generate the material data for

confined HSC in ABAQUS [34] to simulate the behavior of FRP-ECC-HSC specimens.



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

100 120

(=]
(=}

o)
(=}

Axial stress (MPa)

Axial stress (MPa)
- (=)
[=] [=]

£ [}
(=} (=
\\‘\

L . FH70 (Test I " FHO0 (Test
ol ) -+ +--FH70-R (Test) 4 -+ ¢+ -FH90-R (Test)
" — -+ —Modified analysis-oriented model 20 II = = —Modified analysis-oriented model
L |
p [
0 0
0.000 0.004 0.008 0.012 0.016 0.000 0.004 0.008 0.012 0.016
Axial strain Axial strain
(a) FH70 specimens (b) FH90 specimens

Fig. 6 Predictions of axial stress-axial strain behavior for FRP-confined HSC specimens

3.2 FRP-confined ECC

Compared with normal concrete, FRP-confined ECC has not been widely investigated in the
existing research. It is noted that the dilation behavior of confined ECC is obviously different
from that of confined normal concrete because of the self-confinement effect. Therefore, the
existing analysis-oriented models for FRP-confined normal concrete is not applicable to FRP-

confined ECC. Based on the existing research and test data, a new analysis-oriented model is

proposed and validated in this section.

Similar to FRP-confined normal concrete, the general approach uses the three relationships
discussed in section 3.1, with the lateral stress-lateral strain (og; — & ) relation remains
unchanged for uniformly confined ECC as shown in Eq. (19). Popovic’s model is used to

generate the axial stress-axial strain (o, — &) relations under certain confining pressures [28].

The equation is expressed as follows:

_ fec(ec/€cc)r (31)

¢ r—14+(ec/c)"

in which the parameter r is defined as:
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po— e (32)

B Ec—f¢é/€5c
E. is the elastic modulus of concrete; f,» and €. are the compressive strength and the
corresponding compressive strain of confined concrete under the confining pressure f;. Li et al.

[22] conducted experimental investigations on ECC cylinders under triaxial compression and

developed the following expressions for f. and &;.:
o = feo + 2.866f; (33)
£l = £0o(1+ 7.399;—} (34)
co

Egs. (33) and (34) are adopted together with Egs. (31) and (32) to form the actively-confined
model for FRP-confined ECC to generate the axial stress-axial strain (o, — &) relations under
certain confining pressures. Compared with the model proposed by Jiang and Teng [6] for FRP-
confined normal concrete, the strength enhancement coefficient 3.5 is replaced with 2.866 in
Eq. (33) and the strain enhancement coefficient 17.5 is replaced with 7.399 in Eq. (34). This is

related to the different compressive properties between normal concrete and ECC [23,24].

The equation proposed by Yuan et al. [24] is adopted in this study to determine the hoop strain-

axial strain (g; — &) behavior for FRP-confined ECC, which is expressed as follows:

gc = eco(1 + 8 fi/ fi)[1.015(e;/£00) "% + 0.221(e,/ec0)] (35)

Comparisons between predictions by Eq. (35) and test results are presented in Fig. 7 for
different ECC strengths and confining stiffnesses, which exhibit close agreements. As
anticipated, with the increase of confining stiffness, hoop strain will increase more slowly
because of the stronger confinement. It is worth noting that the inconsistence of the test data
with compressive strength of 64.6 MPa and confining stiffness of 2463.3 MPa can be observed

as shown in Fig. 7(b). It presents a faster development of the hoop strain compared with the
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test data with a lower confining stiffness of 1539.6 MPa, which is abnormal. Therefore, the
prediction obtained by Eq. (35) cannot match well with this data. This presented test data in

[23] may require further examination.
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Fig. 7 Comparisons of hoop strain-axial strain behavior between test results and predictions

for FRP-confined ECC

Three relationships for the proposed analysis-oriented model of FRP-confined ECC are clearly
presented in Egs. (19, 31-35). Axial stress-axial strain behavior is predicted and compared with

test results in Fig. 8. Similar to FRP-confined normal concrete, the enhancement ratio of both
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compressive strength and ultimate compressive strain will be increased with the increase of
confining stiffness for FRP-confined ECC. Close agreements can be obtained for the group of
data with ECC strength of 28.2 MPa as shown in Fig 8(a), indicating the good performance of
the proposed analysis-oriented model. For another group of data, however, the predictions
present relatively larger deviations as shown in Fig. 8(b). This group of test data in [23] may

require further examination.

To further validate the proposed analysis-oriented model, four FRP-confined ECC stub
columns were prepared and axially compressed by the authors. Similar to the FRP-ECC-HSC
composite columns investigated in this study, the newly tested specimens are also FRP tube
confined concrete. Test arrangements, including the specimen size, test setup and
instrumentations, are similar to those in [23] and [24]. Two different nominal sectional
diameters, 100 mm and 200 mm, were considered for the stub column, while the corresponding
nominal heights were 200 mm and 400 mm, respectively. Material properties of ECC and FRP
are summarized in Figs. 7(c) and 8(c). Hoop strain-axial strain curves and axial stress-axial
strain curves are presented in Figs. 7(c) and 8(c). It can be observed that the predictions could
match well with the test results, indicting the applicability of the proposed analysis-oriented

model in the scope of the current study.

It is worth noting that Eqgs. (33-35) in the proposed analysis-oriented model are adopted from
the existing studies for confined ECC and validated based on the limited available test data.
More tests are needed to further validate the applicability of the proposed model for a broader
range in future studies. The proposed analysis-oriented model will be used to generate the
material data for confined ECC in ABAQUS [34] to simulate the behavior of FRP-ECC-HSC
composite column under axial compression. Good agreements between test results and FE
results are obtained and presented in section 4. It also demonstrates that this proposed analysis-

oriented model for FRP-confined ECC is applicable to this study.
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Fig. 8 Comparisons of axial stress-axial strain behavior between test results and predictions

for FRP-confined ECC

4. Finite element modeling
4.1 CDP implementation

Concrete damaged plasticity (CDP) model is adopted to simulate the axial compressive

behavior of confined concrete. It is noted that either damage or plasticity can describe the
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nonlinear behavior of concrete [35]. Yu et al. [16] used pure plasticity to determine the strain
hardening behavior before the peak stress, while assuming perfectly-plastic behavior after the
peak stress, in which the yield surface was set to be unchanged and only damage was defined
to determine the strain softening behavior of concrete. On the other hand, it is also well
accepted that damage could be defined to characterise the degraded elastic modulus of concrete
during the unloading path in cyclic compression. Since only monotonic compression is
involved in this study, it is reasonable to use plasticity only to describe the strain hardening
behavior before peak stress and the strain softening behavior after peak stress, while no damage

1s defined.

For CDP model implemented in ABAQUS frame [34], yield function proposed by Lubliner et
al. [36] and further developed by Lee and Fenves [37] is adopted to describe the evolution of

concrete under compression. The yield function F is expressed as follows:

F =—(q—3ap + B(&)(~Gnin) = V(Gnin)) — 5c(8pc) = 0 (36)
a=%;0£a£0.5 37)
p=ti-0-(1-o (38)

=T (39)

where p and g are equivalent effective pressure and von Mises equivalent effective stress,

which can be expressed as

N
p =§(U1 + 0, + 03) (40)

C_I = \/3 (61_62)2+(62_663)2+(53—51)2 (41)
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f»/fzo is the ratio of biaxial compressive strength to uniaxial compressive strength and is
suggested that f, /fo = 1.57f25 °%° [38]. K is the ratio of the second stress invariant on the
tensile meridian to that on the compressive meridian and is suggested to be 0.71f.5 %25 [38].
d. and o, are the effective compressive and tensile cohesion stresses. &,. and &, are the
equivalent compressive and tensile plastic strains. 0,,;, is the minimum principle effective
stress. For concrete under triaxial compression, compressive stresses are assigned to be positive,
leading to (—,in) = 0, while (Gpin) =P — %(j. Therefore, Eq. (36) yields the following
expression:

3+y _— 3a+y _

Oc (gpc) = q-— p (42)

3(1—a) 1-a

For uniformly FRP-confined concrete, Eq. (40) and (41) can be rewritten as:
_ 1
p=1Q0+0) (43)
q=0c.—0 (44)

Substituting Eqs. (43) and (44) into Eq. (42), it yields the following expression:

1+2a+y
1-a

5c(€_pc) =0; — g (45)

Based on Eq. (45), equivalent compressive cohesion stress can be calculated under different
confining pressures and input as the yield stress data in ABAQUS [34], which is also
understood as the hardening/softening rule in CDP model for FRP-confined concrete under

monotonic compression.

CDP model adopts non-associated flow rule to consider the plastic development behavior of
concrete. As suggested by the previous research [38,39], dilation angle ¢ is calculated with the

following expression:
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3(decpt2dery)

tan(p - 2(decp—derp) (46)
in which €., and €;,, are axial and lateral plastic strain, and can be expressed as:
1
Ecp = Ec — A (o, — 2vay) 47)
1
p =&+ — [(1—-v)o, —va,] (48)

c

For concrete under non-uniform confinement, that the two lateral principal stresses o, and o3
are not equal, Yu et al. [16] suggested to use the following equation to calculate the equivalent

confining pressure gy 04:

_ 2(0ztafi)(os+afs)
TLeq = (o2+03+2af%) feo (49)

in which the parameter a is calibrated to be 0.039 to best fit the test results [40]. Similarly,
equivalent lateral strain of the ring region can be expressed using the similar equation as

follows:

_ 2(gx+aecp)(e3+agco)
gl,eq -

— agg (50)

(e2+e3+2aeqg)

Therefore, the equivalent confining stiffness of the non-uniformly confined concrete in the ring

region can be calculated together with Egs. (49,50):

Kieq = ILeq (51)

€leq

It is noted that for FRP-confined concrete, hardening/softening rule is related to confining
pressure, while the flow rule is related to axial plastic strain and confining stiffness [16]. Five
field variables of axial plastic strain, confining pressure and confining stiffness are defined
with user subroutine in ABAQUS [34]. Field variable 1 is defined as the axial plastic strain and

1s associated with the flow rule of HSC and ECC; field variables 2 and 4 are defined as the
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confining pressure and are associated with the hardening/softening rule of HSC and ECC,
respectively; field variables 3 and 5 are defined as the confining stiffness and are associated
with the flow rule of HSC and ECC, respectively. Detailed information of the implementing

procedure can refer to Yu et al. [16].

4.2 FE model and validation

In this section, test results on FRP-confined HSC specimens and FRP-ECC-HSC specimens
obtained by the authors [5] are used to validate the developed FE models. Information for the
test specimens is shown in Table 1. In the test, FRP-ECC-HSC composite columns were
restrained by the top and bottom loading plate when subjected to axial compression. However,
the constraints are considered to have limited effects on the compressive behavior of FRP-
confined concrete, especially for the mid-height region of the column [16]. In this study,
therefore, only a quarter of sliced model with 10 mm thickness was established for the
composite column behavior simulation, as shown in Fig. 9. 8-node solid elements were used to
model the concrete part, including HSC core and ECC ring. Membrane elements were used for
the FRP tube. Symmetry boundary conditions were applied on the model. Axial displacement
loading was applied on the top surface, while axial displacement constraint was applied on the
bottom surface to simulate the axial shortening of the column. It is assumed that there is no slip
among the different components in the composite column under axial compression, so that “Tie”
option was used to model the interaction behavior between HSC core and ECC ring as well as

ECC ring and FRP tube.

Before the validation of FRP-ECC-HSC composite column, uniformly FRP-confined HSC and
FRP-confined ECC are firstly validated, as shown in Fig. 10. FE results could replicate the
results obtained by the analysis-oriented models presented in section 3, which indicates that

the implementation of CDP model in ABAQUS [34] and the subroutine used are appropriate.
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Fig. 11 shows the typical axial stress distribution of FRP-ECC-HSC composite column section,
with the example of the specimen FESOH90-25. It can be clearly observed that the axial stress
for different elements of HSC core is the same, which means the HSC core is under uniform
confinement in the composite column. For ECC ring, however, it is subjected to non-uniform
confinement, leading to different axial stresses at different locations. Hoop strain-axial strain
behavior and axial stress-axial strain behavior are plotted in Fig. 12 and Fig. 13, respectively.
Close agreements between test results and FE results can be obtained, indicating that the
proposed FE model could simulate the axial compressive behavior of FRP-ECC-HSC
composite column accurately. Ultimate axial load and ultimate axial compressive strain for all
the specimens obtained by FE simulation are summarized and compared with test results in
Table. 6. It should be noted that all the ultimate conditions of the FE simulation are governed
by FRP rupture, in which the FRP rupture strains are calculated by averaging the hoop rupture

strains of the corresponding two identical test specimens.

ECC ring

HSC core FRP tube

/ Axial displacement
loading

Symmetry boundary
conditions

Axial displacement
constraint

Fig. 9 Finite element model of FRP-ECC-HSC specimen
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556
557 Table 6 Ultimate conditions obtained by FE simulation and tests
. Ultimate load capacity (kN) Ultimate axial strain
Specimen
F, £
ID Fc,test Fc,FE C‘FE/Fc,test gcc,test Scc,FE CC'FE/ECC‘test
FH70 27919 3007.8 1.08 0.0144 0.0146 1.01
FH70-R 2862.3  3007.8 1.05 0.0152 0.0146 0.96
FE50H70-15 2966.0 2887.3 0.97 0.0166 0.0158 0.95
FE50H70-15-R  2773.3  2887.3 1.04 0.0145 0.0158 1.09
FE50H70-25 2706.5 2760.3 1.02 0.0209  0.0200 0.96

FE50H70-25-R 25825  2760.3 1.07 0.0185  0.0200 1.08
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FH90 3165.5 32179 1.02 0.0123  0.0120 0.98

FH90-R 3172.3  3217.9 1.01 0.0124  0.0120 0.97
FES50H90-15 3021.3  3047.9 1.01 0.0137  0.0137 1.00
FE50H90-15-R  2972.0 3047.9 1.03 0.0133  0.0137 1.03
FE50H90-25 2809.2 2791.9 0.99 0.0152 0.0156 1.03
FE50H90-25-R ~ 2709.5 2791.9 1.03 0.0144 0.0156 1.08
Mean 1.03 1.01
Cov 0.028 0.049

5. Discussions

5.1 Stress distribution on ECC ring

As illustrated in sections 2 and 4 of this paper, ECC ring is under non-uniform confinement,
indicating the confining pressure varies at different locations in the ring region. Meanwhile,
the stresses in the radial and circumferential directions are different. The distributions of radial
stress and circumferential stress at the ultimate point are presented in Fig. 14. It can be observed
that the radial stress will decrease with the increase of the distance from section center. For
specimens with the same HSC core strength, radial stress will increase with the increase of
ECC ratio. As for circumferential stress, on the contrary, it will increase with the increase of
distance from the section center. Same as radial stress, circumferential stress is larger for the

specimens with C70 as HSC core and 25 mm ECC thickness.

Based on the two principal stresses in the lateral direction, equivalent confining pressure is
calculated with Eq. (49). Distribution of the calculated equivalent confining pressure is shown
in Fig. 15. It can be observed that the equivalent confining pressure nearly remains unchanged
at different locations in the ECC ring. It demonstrates that the adopted Eq. (49) can lead to a
nearly uniform equivalent confining pressure distribution over the ring section, which is used

to calculate the axial stress further.
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Axial stress distribution is shown in Fig. 16 for the ECC ring of FRP-ECC-HSC specimens.
Since the confining pressures are not identical at different locations in the ECC ring, the axial
stresses will be not identical as well under the same axial strain. Therefore, the axial stress is
non-uniformly distributed in the ECC ring. With the increase of distance from the section center,
axial stress will increase accordingly. This is due to the fact that the equivalent lateral strain
calculated based on Eq. (50) is lower for the outer locations, leading to the larger equivalent
confining stiffness under the nearly same equivalent confining pressure. For the specimens
with same ECC thickness, the one with C70 as the HSC core has larger axial stress than the
one with C90 as HSC core. Meanwhile, for the specimens with the same HSC strength, a larger
ECC ratio will lead to a larger axial stress. Compared with unconfined ECC, it can be noted
that axial compressive strength is enhanced for the ECC ring in the composite column for all

the cases.
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5.2 Confining pressure applied on HSC core

For normal FRP-confined concrete column, the confining pressure provided by FRP and
applied on the concrete can be simply calculated by Eq. (19), using the actual FRP hoop rupture
strain. According to the discussion of transfer coefficient k in section 2.2, the confining
pressure applied on the HSC core for FRP-ECC-HSC composite column is larger than that
provided by the FRP tube. Similar observation can be noted through FE simulations as well.
Taking FESOH90-25 as an example, Fig. 17(a) shows the confining pressure applied on the
HSC core and Fig. 17(b) shows the hoop tensile strain of the FRP tube that can be used to
calculate the confining pressure provided by FRP tube with Eq. (19). Comparisons between
the confining pressure applied on the HSC core and the confining pressure provided by the
FRP tube are presented in Fig. 18 for different specimens. It is found that the confining pressure
applied on HSC core is 5-13.7% larger than the confining pressure provided by the FRP tube,
based on the FE results. It numerically indicates that a larger confining pressure applied on the
inner HSC core can be produced for FRP-ECC-HSC composite column compared with normal

FRP-confined HSC column, with the same column diameter and FRP tube thickness. Though
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the mechanical analysis is conducted under the assumption of using elastic material properties
while the FE analysis is using the actual elastic-plastic material properties, they both show the
enhancement effect of the confining pressure applied on the inner core concrete as presented
in Table 3 and Fig. 18. The enhancement ratio is larger for specimens with C90 as HSC core

due to the larger difference of elastic modulus between HSC core and ECC ring. Meanwhile,

1t will also increase with the increase of ECC ratio.
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5.3 Influence of ECC ratio

With the validated FE model, the influence of ECC ratio on the behavior of FRP-ECC-HSC
composite column can be further investigated through parametric studies. Since the column
failure is governed by FRP rupture in the hoop direction, rupture strain for different specimens,
which is increased with the increase of ECC ratio as observed in tests, needs to be firstly
determined. Linear relationship between rupture strain €p, ., and ECC ratio a is assumed and
regressed as shown in Fig. 19. It is worth noting that the rupture strain will also decrease with
the increase of concrete strength. Therefore, different intercepts are assigned with the
specimens with different HSC core strengths for the linear regression, while the same slope is

adopted considering the same effect of ECC ratio. The linear relations are expressed as follows:

Enrup = 0.00363a + 0.0120 for C70 as HSC core (52)

Enrup = 0.00363a + 0.0115 for C90 as HSC core (53)

Different ECC ring thicknesses, ranging from 0-50 mm are assigned with the FRP-ECC-HSC
specimens in FE models, yielding the ECC ratio from 0 to 0.75. C70 is adopted here as the
HSC core, while ECC and FRP tube properties remain the same as the tested specimens as
shown in Table 1. The ultimate points corresponding to the column failure are determined by
the rupture strains presented in Fig. 19. Hoop strain-axial strain curves and axial load-axial
strain curves are plotted in Figs. 20 and 21, respectively. It can be observed that with the
increase of ECC ratio, the hoop strain will increase more slowly. Together with an improved
rupture strain, it leads to a larger ultimate axial strain. When the ECC ratio increases from 0 to
0.75, the hoop rupture strain is increased by 23%, while the ultimate axial strain can be
increased by 67%. The specimens with larger ECC ratio will have a lower initial stiffness and
first peak load because of the lower strength and elastic modulus of ECC ring than those of

HSC core. However, ultimate load capacity at FRP rupture decreases only within a limited
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range with the increase of ECC ratio, since the improved axial strain extends the strain
hardening stage. Therefore, it can be understood that the FRP-ECC-HSC composite column
could achieve the similar capacity but much more enhanced deformability with the appropriate
design of ECC ratio, compared with the corresponding FRP-confined HSC column. The FRP-
ECC-HSC composite columns may exhibit the advantages over normal FRP-confined HSC
columns under the extreme conditions, such as seismic loadings where the structural members
are required to withstand relatively large deformations. Meanwhile, the novel composite
column is steel-free and could be used in the marine environments without concerning
corrosion problems. Seawater sea sand concrete can also be explored to be used in this

composite column.

0.016
5 . - -7
lo";‘ 0.014 o« -7 -
e -
g 4 .-
=l
o
= 0.012 e
= ;/R . & =0.00363a+0.0115
= hnp
é k 3
& =0.00363¢+0.0120
0.010 hrw
& C70 as HSC core
4 (90 as HSC core
0.008
0.0 0.2 0.4 0.6 0.8 1.0
ECC ratio o

Fig. 19 Relationship between rupture strain and ECC ratio



0.000 (=
L™
-0.002 \;x
v
I N
-0.004 3
I S — a0
.2 -0.006 . =0.19
= SN
& I \\ o=0.36
2 ~0-008 ¢ R - = g=051
NN
= 0.010 R o=0.64
- TR BEEEE o=0.75
-0.012 : ..\ \
I N
-0.014 "
-0.016 —— : : : : :
0.000 0005 0010 0015 0020 0025 0.030
665 Axial strain
666 Fig. 20 Influence of ECC ratio on hoop strain-axial strain behavior
667
3500
3000
g 2500
= 2000
o
= 0
E 1500 =019
é ; =0.36
1000 15 =051
500 —=0.64
=0.75
0
0.000 0.005 0.010 0015 0.020 0025  0.030
668 Agxial strain
669 Fig. 21 Influence of ECC ratio on axial load-axial strain behavior
670

671 6. Conclusions

672  This study presents the mechanical analysis on the FRP-ECC-HSC composite column to obtain
673  the stress distribution and the confining pressure applied on HSC core and ECC ring. FE

674  models are developed using CDP model with accurate confined concrete properties to simulate



675 the behavior of FRP-ECC-HSC composite stub column under axial compression. The

676  following conclusions can be drawn:

677 (1) The radial stress and circumferential stress in the ECC ring are not equal, and they both
678 vary at different locations. Confining pressure applied on the HSC core is larger than
679 that provided by the FRP tube, and it increases with the increase of ECC ratio.

680 (2) The modified hoop strain-axial strain equation can provide closer predictions on the
681 dilation behavior of FRP-confined HSC in this study. Analysis-oriented model for FRP-
682 confined ECC is also proposed and compared with the available test data. Accurate
683 material properties were generated with the developed analysis-oriented models for
684 HSC and ECC in FE models.

685 (3) The predictions by FE models are in close agreement with the test results for the FRP-
686 ECC-HSC composite stub column. Stress distribution in the ECC ring, which is under
687 non-uniform confinement, can be clearly observed. Similar as the mechanical analysis,
688 it also demonstrates by the FE results that the confining pressure applied on the HSC
689 core is larger than the confining pressure provided by FRP tube.

690 (4) With the increase of ECC ratio, the FRP-ECC-HSC composite column could achieve a
691 much more improved ultimate axial strain, with the similar ultimate load carrying
692 capacity compared with the corresponding FRP-confined HSC column.
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