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4  Abstract

This study is dedicated to the development of a generalized confinement model applicable to
circular concrete columns confined by FRP full and partial confinement arrangements. To simulate
the axial stress versus strain curve, a new strength model is proposed addressing the relation of

axial stress and confinement pressure during axial loading, whose calibration was based on an
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extensive set of test results. By combining theoretical basis and experimental observations, the
10 influence of non-homogenous distribution of concrete transversal expansibility with full/partial
11 confinement during axial compressive loading is taken into the account in the establishment of
12 confinement stiffness index. To estimate the ultimate condition of FRP fully/partially confined
13 concrete, a new model with a design framework is also developed. It is demonstrated that global
14  axial stress-strain curves and also dilation responses simulated by the proposed confinement model
15 are in good agreement with those registered experimentally in available literature, and provides
16  better predictions in terms of ultimate axial stress/strain than the formulations proposed by design

17  standards.

18  Keywords: FRP confined columns; FRP confinement; Axial behavior; Dilation behavior;

19  Confinement stiffness index

20

21


mailto:arch3d.ir@gmail.com
mailto:barros@civil.uminho.pt
https://www.editorialmanager.com/comstr/viewRCResults.aspx?pdf=1&docID=21802&rev=1&fileID=311460&msid=759c74ae-aaa5-4b13-9059-69c895c43df2
https://www.editorialmanager.com/comstr/viewRCResults.aspx?pdf=1&docID=21802&rev=1&fileID=311460&msid=759c74ae-aaa5-4b13-9059-69c895c43df2

22

23

24

25

Notations
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Ec
=
fo

fc Active

fc Passive

ch

fcc Active

f Passive
cc

fCC

ft
ff FFC

ff FPC
f-FFC
fis

f” FFC

fi 1 FFC

H
It
Ke

kit
kﬁ FFC

kﬁ FPC
kv,f

k€ FFC
k€ FPC

Total area of circular cross-section columns
Non-dimensional empirical coefficient
Diameter of circular column

Concrete modulus elasticity

FRP modulus elasticity

Axial stress corresponding to &c

Axial stress of AFC corresponding to &c

Axial stress of passively confined concrete at &c
Peak compressive stress of unconfined concrete

Peak axial stress of AFC

Peak axial stress of passively confined concrete

Peak axial stress of FFC/FPC

FRP confining stress

FRP confining stress for FFC

FRP confining stress for FPC

Uniform FRP confining stress for FFC
FRP confinement pressure

FRP confinement pressure for FFC
Uniform FRP confinement pressure for FFC
Column height

Confinement stiffness index
Confinement efficiency factor
Reduction factor

Reduction factor ki for FFC
Reduction factor ki for FPC
Reduction factor

Reduction factor for FFC

Reduction factor for FPC

Total number of the fitted points
Concrete brittleness

Ny

R1
Rz
Re

St

t
Ke,min

Ldo
Ws

&c
€c0
&c,m
Ecc
Ecu
Eeu,c
Eeu,r
Efu

&h
€h,max
&h,rup
€1(2)
€l
&l
&v

PKf

Vs,0
Vs,max

Vi eff

FRP layer number

Non-dimensional empirical coefficient
Non-dimensional empirical coefficient
Non-dimensional parameter as st/ D

Distance between FRP strips

FRP thickness

Minimum value of k. FF¢

Damage zone length of FRP confined concrete
Damage zone length of unconfined concrete
FRP width

Axial strain corresponding to fc

Axial strain corresponding to feo

Axial strain corresponding to Vs max

Axial strain corresponding to fec

Ultimate axial strain

Ultimate axial strain at concrete crushing
Ultimate axial strain at concrete crushing
Ultimate FRP tensile strain

FRP hoop strain

Maximum FRP hoop strain

FRP hoop rupture strain

Concrete lateral strain

Concrete expansion at the mid-plane of FRP strips
Lateral concrete expansion at the critical section
Volumetric strain

FRP confinement stiffness index

Secant Poisson’s ratio

Initial Poisson’s ratio of unconfined concrete
Maximum Poisson’s ratio at the critical section

Effective tangential Poisson’s ratio
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1- Introduction

The reliability of fiber-reinforced-polymer (FRP) composites in various axial/shear/flexural
strengthening scenarios has been demonstrated at laboratory level, as well as in real case
applications in order to retrofit vulnerable as-built RC columns over seismic actions. For the case
of axial strengthening, based on numerous experimentally, numerically, and theoretically
conducted studies, it is now well-established that the application of FRP lateral confinement
arrangements is efficiently capable of inducing improvements in terms of axial strength and
deformability due to the curtailment of concrete lateral expansibility.

An experimental study conducted by Oliveira et al. [1] revealed that the capability of confinement
strategy for improving the axial response of FRP fully confined concrete columns (FFC as
illustrated in Fig. 1) is a function of the type of FRP material, concrete compressive strength, and
confinement stiffness, which was also confirmed by Lim and Ozbakkaloglu [2-4]. Zeng et al. [5]
have experimentally evaluated the efficiency of partial confinement arrangements using carbon
fiber-reinforced polymer (CFRP) for increasing the load carrying capacity of concrete columns.
The test results demonstrated that the axial and dilation responses of FRP partially confined
concrete columns (FPC as illustrated in Fig. 1) strongly depend on the distance between
consecutive strips (sf) as a key parameter, besides the strip thickness and width, and the used FRP
material properties. Barros and Ferreira [6] evidenced that by increasing sz, the axial and dilation
responses of FPC drove to be similar to those of unconfined concrete (UC), as verified by Zeng et
al. [7]. For the case of FPC, Guo et al. [8, 9] and Janwaen et al. [10, 11] showed that concrete at
the middle distance between two consecutive FRP strips, known as critical section, would be
subjected to the maximum transversal deformation in comparison with the concrete expansion at

the strip regions.
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Numerous confinement models, known as analysis-oriented model (i.e. [3, 12-15]), have been
proposed to simulate global axial stress-strain of FFC. Based on the implemented methodology for
the establishment of axial stress-strain relationship, these models can be generally classified into
three categories as demonstrated in Table 1. Category I (i.e. Lim and Ozbakkaloglu [15]) includes
models for actively confined concrete columns (AFC), where the concrete is subjected to an active
confinement pressure ( f,""*), with a constant value during entire axial loading, as illustrated in
Fig. 1b. In this case, axial stress ( f,**") at a certain axial strain (&,) can be determined by adopting
an axial stress-strain relation (i.e. Popovics [16] suggested for AFC), expressed as a main function

Active
fcc

of peak axial stress ( f_ "), leading to f " = gl( ) henceforth designated by stress-

strain base relation. In this case, as the most widely adopted framework to date, f**" is generally
determined as f """ = gz(f,A“We) depending on f**" as demonstrated in Table 1. Several

studies have been carried out to suggest the calibration factors of m;, and m,, for the g2 function

(Table 1) through using a regression analysis-based method on a set of test database of AFC, which
presents the effectiveness of confinement strategy in axial strength enhancements. In Category 11

(i.e. [12-14]), conventionally, by adopting a stress-strain base relation, for the case of FFC under

Passive

a FRP confinement pressure ( f,ff ) assumed to be homogenously imposed to the entire column

height with a variable value during axial loading (Figs. 1b and 1c) , its axial stress ( f."**") at a

* Passive (

certain ¢, is considered to be identical to f,**™ through taking into account """ = f,

P = g, (£.7*")). However, studies conducted by Lim and Ozbakkaloglu [3], Lin et al. [17]

and Yang and Feng [18] demonstrated that this approach, whose development is based on the

calibration of m_, and m,, for AFC (Table 1), would lead to overestimations in predicting global
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axial stress-strain relation of FFC (Af), even though f A" =f P at a certain ¢, as

highlighted in Fig. 1b-d. It can be attributed to the considerable difference in the confinement
pressure path imposed to concrete in AFC and FFC with constant and variable trends, respectively,
as presented in Fig. 1b. Confinement pressure path in the present context represents the relation
between confinement pressure and axial stress/strain during the entire axial compressive loading.
Category |1l includes analysis-oriented models formulating the noticeable influence of
confinement pressure path on axial response of FFC. In this category, Lim and Ozbakkaloglu [3]
introduced the concept of a reduced stress-strain base relation for the case of FFC to reflect this

effect in the calculation of f_ " through applying a reduction Af, in the actual FRP confinement

pressure obtained from dilation model. In this model, as presented in Fig. 1b, Af, represents the

gradient of confinement pressure that was suggested empirically as a function of confinement
stiffness (known as the ratio of FRP confinement pressure over concrete lateral strain), concrete
compressive strength and the corresponding concrete lateral strain. Yang and Feng [18] proposed
a refined version of Jiang and Teng [12]’s model (Category Il) to account for the difference in

confinement pressure paths of FFC and AFC in terms of the peak axial stress of the stress-strain

base relation (Af). In this approach, the calibration factors of m, and m_, (Table 1) were

derived from a set of test results of FFC specimens. It was also demonstrated that this effect plays
a key role in the establishment of global axial stress-strain response of FCC. Based on Zhao et al.
[19]’s model originally suggested for concrete-filled steel tube columns, Lin et al. [17] investigated
the influence of confinement pressure path on ultimate axial stress of FFC, which was
demonstrated to be a function of the level of confinement pressure at FRP rupture and concrete
compressive strength. By considering this effect in the establishment of ultimate axial stress of

FFC, the model demonstrated a better performance in predicting the experimental counterparts.



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

Nonetheless, to the best of the authors’ knowledge, the substantial influence of confinement
pressure path on axial stress-strain response of FPC has not been investigated comprehensively in
the existing models. Accordingly, the development of a confinement model addressing
confinement pressure path to predict the global axial-stress-strain of FPC with a unified approach

with FFC is still lacking.

On the other hand, in existing analysis-oriented models, in general, for the sake of the simplicity,

Passive

by assuming a uniform distribution of concrete expansion for FFC, confinement pressure ( flff

) is subsequently considered to be homogenous along the column height. However, this assumption
is only acceptable prior to the loading stage corresponding to the peak axial stress of unconfined
concrete. Beyond this stage, the rate of concrete lateral expansion tends to significantly increase
due to the development of longitudinal concrete cracking, leading to a non-uniform distribution of
concrete transversal dilatancy, particularly in the case of FRP lightly confined concrete [20-22].
Wu and Wei [20] performed axial compressive tests on FFC, FPC and unconfined concrete (UC)
columns to examine the distribution of concrete lateral strain along the column height. It was
highlighted that during axial loading, concrete would experience a non-uniform distribution of
expansion depending on confinement configuration. To evaluate the influence of confinement on
concrete axial/lateral strain distribution of FFC along the column height, Fallahpour et al. [22]
conducted an experimental investigation through Digital Image Correlation (DIC) technigue for
the measurement of full- field strain evolution. The test results demonstrated that FFC only with
high confinement stiffness revealed relatively homogenous axial and dilation responses, while in
the case of lower confinement stiffness, less uniform behavior along with local strain gradients
was exhibited. Therefore, since the generation of FRP confining hoop strain/stress is in a direct

relation with concrete dilation behavior, the generated confining stress would be imposed non-



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

homogenously on the concrete as a main function of confinement stiffness. As a result, the

Passive

assumption of uniform confinement pressure ( flff ) can be considered to be acceptable only

for highly-confined concrete. For the case of low confinement stiffness with non-homogenous
confining stress distribution, this assumption does not seem to adequately comply the described
experimental observations. For the case of FPC, Zeng et al. [7] experimentally evidenced the
distribution of concrete expansion would be predominantly non-homogenous, particularly in case
of large st (distance between strips of FRP, Fig. 1a), as also confirmed by Guo et al. [8, 9].
Shayanfar et al. [23] presented a refined version of the concept of confinement efficiency factor,
originally suggested by Mander et al. [24] for concrete confined partially with steel stirrups, by
formulating the non-homogenous distribution of concrete dilatancy of FPC, besides the influence
of vertical arching action. However, in this model, the pattern of concrete expansion of FFC was
assumed as uniform, for the sake of simplicity. Therefore, to the best of the authors’ knowledge,
the influence of non-homogenous distribution of concrete expansion along the column height of
FFC/FPC on the determination of confinement pressure and subsequently, axial and dilation
responses has not been addressed comprehensively in the existing analysis/design-oriented

models.

The present study is dedicated to the development of a generalized confinement model, applicable
to full and partial confinement arrangements applied on circular cross section concrete columns,
by using a unified approach in the prediction of their axial and dilation responses. For formulating
the influence of concrete expansion distribution in the calculation of confinement pressure,
Shayanfar et al. [23]’s model is extended to be applicable to FFC as a function of confinement
stiffness, along with some refinements for the case of FPC. A new analysis-oriented model as

confinement-path dependent in compliance with Category Il is proposed for the establishment of
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the axial stress-strain curve of FFC and FPC, by introducing new calibration factors of m , and
m_, depending on confinement stiffness. A new expression is subsequently developed to estimate

ultimate axial strain of FFC/FPC by combining theoretical knowledge and experimental
observations. Finally, the reliability of the developed model is vastly examined by simulating the
global axial stress-strain curves registered experimentally in available literature. The comparative
assessment of the predicted performance in term of ultimate axial stress/strain obtained from the
developed model versus by fib [25], CNR DT 200/2004 [26] and ACI 440.2R-17 [27] approaches

(briefly presented in Appendix A) is also demonstrated.

2- Proposed confinement model for FFC

This section provides the determination of the confinement characteristics of FFC under axial
compressive loading. The effectiveness of FRP confining system to limit concrete dilatancy during
axial loading is dependent on the level of confinement pressure. For the case of full confinement

with a uniform concrete expansibility along the column height (assuming identical hoop and radial
strain &, = ¢, ,), the FRP confining stress, f; ¢, and the FRP confinement pressure, f,™, can

be derived using force equilibrium conditions (Fig. 1a):

. n,t, . n,t
fl,fFFC _ 2% f FFC _ 2% Ei& Q)

where n, is the number of FRP layers, t, is the FRP thickness, D is the diameter of the column,
E, is the FRP modulus elasticity, and ¢, ; is the maximum concrete lateral expansibility along

with the assumption of perfect bond between FRP and concrete substrate. Nevertheless, the studies
conducted by Wu and Wei [20] and Wei and Wu [21] demonstrated that the distribution of the

concrete lateral expansion in the case of FFC system during axial compressive loading would vary

8
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along the column height as a function of confinement stiffness. As shown in Fig. 2, the maximum

(&,;) and minimum (&,;) concrete lateral expansibility can be assumed to occur at the Point j and
Point i, respectively, with the distance of L, defining the damage zone length, which will be

addressed in detail in Section 3. Consequently, at a certain level of ¢ ;, the maximum and
minimum FRP confining stresses are f, " =Es and f,,” =E,s,, respectively. In this

study, the reduction factor k, is introduced to determine an average FRP confining stress ( f, i )

uniformly applied on the columns in order to account for the non-uniform concrete expansibility:

f

FF
f

) :kffFFC ff,jFFC =kffFFCEfgl,j 2)

FFC

Based on Eq. (1), FRP confinement pressure ( f, ;™) resulting from f, "™ can be expressed as:

Nt Nt

£, 2200k, O 5 3)

f|yf FFC — 2
For the sake of simplicity, the reduction factor k, , can be determined by taking an average of the

&(z)/5,; ratio along the damage zone (Fig. 3):

Lo/2 Ly /2
gig(z)dz k,(z)dz @
kﬁ:FFC :2 0 L|,1 :2 0 L
d d

where ¢ (z) defines the concrete lateral strain within the damage zone (L, ) along the z axis as
illustrated in Fig. 3. Considering a second order parabola function distribution for k_(z) along

with k, =k, and dk_(z)/dz =0 at the point i (z =L, /2), leads to (Fig. 3):
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WE 2Ldj/2 1-4(1-k ) 2| 2 2 dz
2J' (aiz +a22+a3)dz O c L L L o )

FFC _ 0 _ _ =+, & FFC
K¢ = = =—+—k,

L, L, 33

FFC
kE

where is the ratio between ¢; and ¢, ;. For highly-confined concrete by FRP confinement

pressure, concrete transversal expansibility tends to be uniform, leading to k"™ =1 and according
to Eq. (5), k¢ =1. In this case, the volumetric strain would be positive during axial compressive

loading (&, >0), as shown in Fig. 4, representing a specimen’s volume decrease. On the other

hand, lightly-confined concrete experiences a noticeable variation in expansion, depending on the
confinement stiffness. In this study, based on Teng et al. [28] achievements, for FFC with uniform

concrete expansibility, confinement stiffness index |, can be determined as:

fl,fFFC/(kﬁFchl,j) Nt Ereg

| = =2 6
f fco/gco chO ( )
in which
&, =0.0015+ feg ( f., in MPa) (7
- 70000 <0

where &, is the axial strain corresponding to f_,, as suggested by Karthik and Mander [29]. Fig.
4 shows the relation between the normalized axial stress (f./f.,) and volumetric strain (
&, =&, —2¢ ;) for the test specimens conducted by Wang and Wu [30], Eid et al. [31], Lim and
Ozbakkaloglu [4] and Zeng et al. [5] with different I,. As can be seen, the confinement

configurations corresponding to the confinement stiffness index less than 0.045 are not capable of

controlling concrete dilation, with concrete dilation as high as smaller is I, . Teng et al. [28]

10
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recommended that for lightly confined concrete (I, <0.01), the effectiveness of confinement
pressure on axial and dilation response can be neglected. At I, of about 0.045, the volumetric

strain evolution virtually becomes reversed due to FRP jacket capability to restrain the concrete

expansion. For I, >0.045, since the FRP confinement pressure is significantly activated, the
confined concrete drives to behave in a compaction way. Accordingly, for high value of I, with
&, =0, the distribution of concrete expansion of FFC is expected to be approximately uniform
with k. =g /& ; =1. To evaluate the influence of confinement on concrete axial/lateral strain

distribution of FFC along the column height, Fallahpour et al. [22] experimentally evidenced that

FFC only with high confinement stiffness (1, = 0.061) revealed relatively homogenous axial and

dilation responses, while in the case of lower confinement stiffness, less uniform behavior along

with local strain gradients (leading to a low value of k") was exhibited.

Based on the aforementioned discussion, using the dilation model developed by Shayanfar et al.

[23] (Eq. (8)), when &, =0, the value of confinement stiffness index ( | f*) corresponding to the

maximum secant Poisson’s ratio (V, ., ) €qual to 0.5 can be determined by Eq. (9).

v 0.155

T (1.23-0.008f,,) 1, ®
0.155 i

"= ' =0.06+0.0005f (f., in MPa) 9)
(1.23-0.003f,)x0.5

Accordingly, based on the experimental observations conducted by Fallahpour et al. [22] for

I, <1.”, a non-uniform distribution of concrete expansion with maximum and minimum lateral

11
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strains at Point j and Point i, respectively, can be assumed, so that k"™ <1. Based on the above

discussion, to develop the relation between k"™ and 1., the following conditions should be
satisfied:

. FFC s .

i. k., enhances with increasing I, .

ii. k. approaches the value of K. min When confinement pressure is equal to zero

(unconfined concrete).

iii.  k," approaches 1 when I, >1." as evidenced by Fallahpour et al. [22]

Shayanfar et al. [23, 32] recommended k__. =0.08 based on the experimental dilation results of

£,min

a series of unconfined concrete specimens. Considering the aforementioned conditions, a new

expression was derived to determine ngFC from I, and If* (Fig. 5):

2

| | .

k,F¢ =0.08+0.92| 2 1-( L} <1 for 1, <I, (10)
f f

k,F¢ =1 for 1.>1." (10)

Ultimately, by determining k_ "™ depending on 1., k.~ can be obtained using Eq. (5) as an

input parameter in Eq. (3) for the calculation of f, ™.

3- Proposed confinement model for FPC
This section is dedicated to address the determination of the confinement characteristics of

partially confined concrete (FPC) columns under axial compressive loading. In Fig. 6, the non-

12
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uniform distributions of concrete lateral expansion and FRP partial confining stress in FPC are

presented. As can be seen, the maximum expansion & ; would occur at the critical section
corresponding to Point j, which is not directly subjected to confinement pressure. However, point
i corresponding to middle section of FRP strip experiences the minimum concrete dilatancy, ¢,;,
leading to FRP confining stress f, ;. In this study, according to Egs. (1) to (3), considering the

influence of vertical arching action based on Shayanfar et al. [32] presented in Eq. (14), FRP

FPC

confinement pressure ( f, ;™) generated by f, ™ can be expressed as:

n.t.w n.t
§f OFPC _o MM ) g FPC _ o f1f ) | f FRC
1, f (Sf +Wf)D v, f 1t D et (11)
in which
ffFPC _ kffFPC ff’jFPC _ kﬁFPCEfng (12)
K =t
Ps, W, (13)

w, +s, (1-R, +0.43R,* - 0.07R,”)

v,f

<1 (32) (14)
Wf + Sf

Sf
R, -5 (15)

where w; is the strip width. Rt is a non-dimensional parameter. It should be noted that, due to

vertical arching action mechanism between two consecutive strips, confinement pressure
effectiveness on this zone can be very distinct from the one corresponding to full confinement.

Based on the concept of the confinement efficiency factor ([24]), by applying the reduction factor

13
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k, ., the entire concrete column can be assumed to be as effectively confined concrete, similar to

v, f !

FFC confinement mechanism.

According to the developed relation for FFC (s; =0), by increasing s, in FPC system, the

confinement system capability to curtail concrete transversal expansibility decreases. Accordingly,

for a relatively large value of s, , the effectiveness of this partial confining system becomes

minimal and approaches to k, ... =0.08, while k™ can be assumed as k™ when s, =0. In

this study, for s, > L, , representing the condition that the damage zone occurs between FRP strips,
the effect of confinement was conservatively ignored and its dilation behavior would be similar to
that of unconfined concrete (Wei and Wu [21]). Consequently, for this case, L, can be estimated

to be equal to the length of damage zone of unconfined concrete columns (L,,). By using the

concept of localized compressive fracture length proposed by Lertsrisakulrat et al. [33], Wu and

Wei [20] recommended an empirical equation to calculate L,, as a function of column diameter

and concrete compressive strength as follows (with a slight rearrangement):

0.57< D:*;/f —1.71-3.53x10°D?,_<1.36 (16)
in which

D, =,/A, =0.886D (D in MPa) (17)

v, = 6%3 <1 (f_, in MPa) (18)

c0

14
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where D, is the equivalent diameter that is calculated as the square root of the total cross-

Ler

sectional area [33].

To develop the relation between k™ and s, , the following conditions should be satisfied:

i. k.7 decreases with the increase of s, .

i. Ky~ isequalto k °°

when s, =L,
iii. k™ follows a hoop strain distribution similar to FFC when s, =0

iv. kﬁFPC approaches the value of k when S, =L, (unconfined concrete).

£,min

C

v. k. approaches k. when s, =0.

Therefore, the relation between k™ and s, /Lyo was formulated to decrease linearly from

k™ =k, . ats, =0 (full confinement) to k™ =0.08 at s, = L,:

— TMf ave

Sf
kﬁ FPC _ kﬁ ,aveFPc _(kff,aveFPC _ ngPC )_ >0.08 (19)
do
in which
1 2
kff,ave':PC = §+§keFPC (20)
where k, ..~ represents the ratio of average hoop strain and maximum hoop strain within the

damage zone, based Eq. (5) with a uniform approach with FFP, when the distribution of concrete

lateral strain would be identical to full confinement in the case of s, =0. Introducing Eq. (20)

into Eq. (19) gives
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k,C =%(1+ 2kjpc)—3$—f(1—kﬁc)z 0.08 (21)

d0
For the determination of kEFPC, based on Eq. (19), it was assumed that it linearly decreases from
k,7¢ =k, (at s /Ly, =0, full confinement) to k™ =0.08 (at s, = L,,) (Fig. 7):

S
kPP =k, — (k7 ~0.08)—>0.08 22)

d0

Accordingly, by replacing k™ obtained from Eq. (22) in Eq. (21), k"¢ can be determined, as
an input parameter in Eq. (12). The k™ versus s, /L, relationship for FPC is demonstrated in

Fig 7. It estimates K FPC lower than Shayanfar et al. [23] model due to the consideration of a non-

uniform distribution for concrete lateral expansion in case of FFC.

It is now well-established that the FRP confinement-induced improvements in FFC and FPC
substantially depend on the confinement stiffness imposed on the confined concrete. For reflecting
the influence of this parameter, the recommendation of Shayanfar et al. [23] was taken, by
proposing a new confinement stiffness index applicable to both full and partial systems, taking

into account the concrete transversal expansibility (by considering Egs. (6), (11) and (12)):

f FPC )
Pkt :I’;fg/gmzkpkv,fkﬁwclf =K., (23)
c0 c0
in which
K. = kpkv,fkffFPC (24)
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where K, is defined as the confinement efficiency factor. For FFC, Eq. (23) leads to

Pr.t =Kg FFCIf that can be calculated using Egs. (5) and (6), respectively.

4- Dilation model

This section is dedicated to address the determination of the dilation characteristics for FFC and

FPC. According to the confinement mechanism, at a certain axial stress, f_, the corresponding &,
leads to lateral strain ¢ ; (radial strain) in compliance with concrete secant Poisson’s ratio v,

resulting in confining stress to restrain concrete tendency to dilate. By rearranging Eq. (23), FRP

confinement pressure can become explicitly dependent on v, :

§ FPC e Ve
L :pK,fA:pK,fﬁ (25)

feo €0 Eeo

Accordingly, the determination of v, corresponding to ¢, is essential for calculating the

confinement pressure. Based on a large database of the experimental dilation responses of FFC

and FPC, Shayanfar et al. [23] proposed a strategy to calculate the relation between v, /v and

S,max

&, as illustrated in Fig. 8. Here, v, /v is the secant Poisson’s ratio normalized by its maximum

s,max

value at the critical section during axial loading corresponding to the axial strain of &, which
was empirically suggested as:
&, =0.0085-0.05p, (26)

As shown in Fig. 8, the dilatancy of confined concrete is equal to that of unconfined concrete up

to ¢, =&, (point A) with v, =v, ,, which can be calculated by (Candappa et al. [34]):
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V., =8x10°f 2 +2x10*f +0.138  ( f,, in MPa) (27)

Since the development of concrete cracking induces an increase in v, the trend evolves from v, ,

to ¢, xv (point B), corresponding to &, =2¢,, ([25]), and further increases up to v at

S,max S, max

& =&, (point C), followed by a decrease until ultimate conditions. To formulate the relation

c

between v, and ¢, the determination of v, . as an input parameter is necessary, which was

derived empirically through regression analysis method. The test database (Table 2), used for
deriving/calibrating the model parameters in the present study, consists of the test specimens of
FFC and FPC with a wide range of material properties. It comprises 70<D <300 (mm),

15.8< f,, <171.0(MPa), 13.6<E, <276.0 (MPa), 0.013<s, <0.035, 0.001< p, , <0.262

and different FRP types as carbon, glass, basalt and aramid FRP (CFRP, GFRP, BFRP, AFRP).

Fig. 9a demonstrates the variation of v, . with p, ; based on the test database by Shayanfar et

s,max

al. [23]. As expected, the v decreases with the increase of the confinement stiffness, as

s,max

Vi max = 0.15/4 /pK'f using a preliminary regression analysis (Fig. 9a). The decrease is quite abrupt
up to py  =0.015, and smooth above this value. In the present study, based on the best fit with

experimental results, a new formulation to calculate v, .. as a main function of p, ; (along with

S, max

L,,/D) was developed, resulting in:

0.15 0.256
V = =

S, max L |_ 28
(0.585+0.585[“)°j Joes (1+[d)°j Joes (28)

The acceptable predictive performance of Eg. (28) in the simulation of the experimental

counterparts can be confirmed in Fig. 9b.

18



303

304

305

306

307

308

309

310

311

312

313

314

315

316

5- Model to determine the axial stress-strain response

This section addresses the establishment of the axial stress-strain relation of circular cross section
concrete columns with FFC and FPC arrangements. A new model in compliance with Category 11l

is proposed by introducing new calibration factors of m , and m , as presented in Table 1. In this
category, at a certain level of axial strain (&), the corresponding axial stress ( f.) can be
determined by adopting a stress-strain base relation, whose characteristics are expressed as a
function of the peak stress ( f_.) and the corresponding axial strain (&, ).

To formulate f, versus &, relation as a stress-strain base relation, the expression suggested by

Popovics [16], originally for AFC, was adopted:

(gc/gcc)n
f =1
c cc n—l+(ec/gcc )n (29)

in which
& f
e =145 =1 ([25]) (30)
ch ch
n= —EC
Ec - fcc /800 (31)
E, =4400,/f, ( f.o in MPa) (32)

where n defines the concrete brittleness introduced by Carreira and Chu [47]; E. is the modulus

elasticity of concrete proposed by Lim and Ozbakkaloglu [15].

In the present study, according to Yang and Feng [18], a new strength model in compliance with

FPC

Category Il (Table 1) is developed to determine the relation between f_ and f ™ (which is
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determined from Eq. (25)), derived from global axial stress-strain of FFC/FPC test specimens with

passive confinement path. It can be expressed as

f* Passive \Mp2 f Frc \Re R
PN il VY (i SR YORIY

c0 c0 RZ ch

where R, and R, are the terms introduced to calibrate this equation. For this purpose, the extracted

experimental R, and R, were determined using back analysis method performed on the global
axial stress-strain of FFC/FPC test specimens. It is because that contrary to the case of AFC in

which f_"*"* as a function of """ is constant during entire axial loading, f_ significantly

cc

varies with f, FFC in the case of passive confinement. Accordingly, calibrating Eg. (33) just based

on the failure stage of the test specimens does not sufficiently reflect the relation of f_ and f, Fre

. Therefore, in the present study, considering the variable relation of f_ and fl’fFPC depending on

the level of axial strain, based on the best fitting with the experimental f, vs &, curves collected

in the test database, these parameters as a main function of the developed confinement stiffness

index (o ;) were determined as,:

R = M <4.25 (34)
A Ao
R,=1.85p, ,°* 203 (35)
in which
A, =0.75+0.008 f, ( f., in MPa) (36)
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Ane =1+0.5R; (37)

45 =0.82+0.0012D>1 (D in MPa) (38)

where A4

« » Age and Ay are the calibration terms introduced to reflect the influence of f_,, R,

and D in Eq. (34). To highlight the correlations of Egs. (34 and 35), the developed R, and R,

were compared to the extracted experimental results in Fig. 10. The statistical indicates show that

the proposed equations for these parameters estimate the experimental counterparts of FFC/FPC

with acceptable accuracy. It should be noted that since the proposed confinement model was

developed with a uniform approach for FFC and FPC, Eq. (33) can be considered valid for both

cases. The incremental calculation procedure based on the developed model to determine the axial

response of FFC/FPC with p, ; is as follows:

1-

Assume a value of ¢,
Calculate the secant Poisson’s ratio Vv, as a function of p, ; (from Fig. 8 considering Egs.

(26-28))

Calculate the peak axial stress f_ using Eq. (33)
Calculate the peak axial stress &, using Eq. (30)
Calculate the axial stress f, using Eq. (29)

Continue the steps 1-5 up to ultimate condition.

6- Ultimate condition

In this section, a new methodology will be introduced to determine ultimate axial strain of FFC

and FPC under axial compressive loading. According to failure mechanism of FFC (Fig. 11a),
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when the maximum concrete hoop strain along the column height reaches FRP ultimate hoop strain

(&n.np)» the confinement provided by the FRP is lost, followed by an abrupt column’s load decay.

However, in the case of FPC with a large S, , damage tends to initiate by concrete spalling, and

the specimen finally fails as concrete crushing along with inclined concrete cracking between FRP
strips, as illustrated in Fig. 11e. In this case, as concrete lateral expansion at the critical section
increases, FRP hoop strain at the mid-plane of the strips, generating lateral confinement, does not

enhance considerably due to lower concrete expansion. Accordingly, the failure mechanism can
be regarded as that of unconfined concrete. However, by decreasing S; , since expansion at the
mid-plane of the strips would increase, the confined column would fail due to rupture of FRP
jacket (Fig. 11b-d). According to the failure mechanism of partially confined columns, concrete

lateral expansion increases until hoop rupture of FRP jacket along with concrete crushing

simultaneously. The concrete crushing seems to be more probable in the case of the specimens

with larger R; due to a substantial increase in ineffective confinement area.

In this study, for the calculation of the ultimate axial strain (&), a unified model with a design
framework was developed applicable to both cases of FFC and FPC based on a combination of
theoretical basics and regression analysis. For the case of FFC, when maximum hoop strain (&, ...,
) in FRP jacket reaches FRP hoop rupture strain, ¢, ,,, the corresponding v, depending on

&, = £, Can be determined as:

cu

gh,max gh,rup
VS,U = — (39)
& &

cu,r cu,r
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By defining &, ,,, = B.6, and vV, = then rearranging Eq. (39), the normalized ultimate

st,max d

axial strain can be expressed as:

gcu,r _ gh,rup _ ﬂggfu — ﬁgpg

= = (40)
‘9co Vs,ugco avvs,maxgco avvs,max
in which
gfu
p. = (41)
€0

where «, istheratioof v, and v B, introduces the ratio of FRP ultimate hoop strain (¢, ,,,,

s,max !

) and FRP ultimate tensile strain (&, ). To obtain the «, , the ratio of v, , at ecuyrEXp and v, . for

191 test specimens of FFC were simulated by the developed dilation model, and the obtained

results are presented in Fig. 12a. By best fitting these results, the following equation was obtained:
a,=1-0.85p,  20.8 (42)
It should be noted that in Eq. (42), for low level of p, ; (px ; <0.015) (with gcuyrEXp <&p) the

ascending branch «, versus p, , relation was neglected for the sake of simplification. Then, by

using Eq. (42), B.7° was calculated as «,V, & EXp/gfu . Accordingly, the relation of £, with

VvV s,max—cu,r

f., was determined as follows (Fig. 12b):
B, =1.45f 0% (43)

Therefore, with the consideration of v, .. = 0.15/,/,0}('f (Fig. 9a), replacing Eqg. (43) in Eq. (40)

leads to:
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far _gg7f 07 NPT (44)

£ 1-0.85py , Pe

In order to simplify Eq. (44), rearranging this equation gives:

Eeur _ ‘\/pK,f

= =C,p, & 45
X  1-085p,, 1Pk, 1 (45)

inwhich X =9.67f, "¢, p,, while C,and C, are the calibration factors, which were determined

equal to 1.83 and 0.61, respectively, based on the relation of gcu’rExp/X with p, ; as demonstrated

in Fig. 13c. Accordingly, &, , can be expressed as:

gcu,r :177 fc0—0.27pK’f0.61pg 215 (46)
ch

The lower bound of 1.5 was considered to limit ultimate axial strain corresponding to unconfined

concrete. For the case of FPC, &, corresponding to &, ., =k & ; at the FRP strips can be

written as:
gl,j gh,rup
Caur = % K FPC (47)
Vs,u ff Vs,u

Rearranging Eq. (38), the normalized ultimate axial strain can be expressed as:

gcu,r gh,rup ﬂgpg _ 177 f -0.27

= = _k FPC '¢c0 pK,fOlelps (48)
ff

- FPC - FPC
‘9co kff Vs,ugco kff avvs,max

In order to minimize the complexity of Eq. (48), based on the best-fit with the derived results from

135 test specimens of FPC, Eq. (48) was simplified as follows:
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402

£
wr_17.7y, fcofo.27pK‘fo.61pE >15 (f, inMPa) (49)
€eo

in which
Vo = ;— (50)
2
Y= 70Rf3 —85Rf2 +33R; —2.1<5 (51)
I‘dO

where y4, y, and y, are the calibration parameters determined based on regression analyses as
shown in Figs. 12d-e; R, defines the ratio of the FRP strip distance (s, ) and the column cross-
section diameter (D) as presented in Eq. (15). It should be noted that »,"® and »,”® were

determined based on Eq.  (49), as =g, /(17.71,°p, *"p,5,) and

7,2° :(17.7;/1 foo " Pt P ) / Er? , respectively.

For the case of FPC with a large R, , the failure mode is prominently overwhelmed by the concrete

crushing within the damage length zone. Wang et al. [44] experimentally evidenced that for the

case of R, >1, the failure mode would be as concrete crushing with no FRP rupture (Fig. 11e). It

can be attributed to the difference in Poisson’s ratio at the critical section experiencing a major
damage and at the mid-plane of FRP strip in which concrete expansion could not be enough to

increase FRP hoop strain to experience the rupture. Accordingly, for FPC with a large R,, the

application of Eq. (49), predicting ultimate axial strain corresponding to FRP rupture (&, , ), might

cu,r

lead to overestimation in terms of deformability, considering the fact that FPC would behave
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similar to unconfined concrete. Shayanfar et al. [23] developed a new methodology to predict

ultimate axial strain (&,,) of FPC formulating the possibility of concrete crushing failure mode (

Eqe ), In addition to FRP rupture (&

cu,r

), leading to &, = min(gcu'r,gcu'fpc). Since all test

Cl

specimens of FFC with R, <0.75, available in the test database, experienced FRP rupture failure

mode, the application of ¢, . in Eq. (49) for estimation of £, would be reasonable. However, for

r

the case of R, >0.75, based on Shayanfar et al. [23], an upper bound needs to be introduced to

restrain ultimate axial strain by considering the possibility of concrete crushing. Even though the

application of FPC with R; >0.75 is not allowed in the real strengthening cases, in the present

study, ¢, for R; >0.75 was assumed to be equal to ¢, and 1.5¢, (ultimate axial strain of

r

unconfined concrete) correspondingto R, =0.75 and R, >1 (considered as unconfined concrete),

respectively. Consequently, using a linear function, gCUYCF"C can be as determined as:

FPC
&

“we =1.5+4[
ch

gcu,r

. —1.5)(1— R,)=15 (53)

In Fig. 12f, ultimate axial strains of FPC obtained from the developed model were compared with

those of the experimental studies. It can be evidenced that the proposed approach is capable of

calculating &, (min(gcuyr,gcu’f"c)) with an acceptable agreement with the experimental

counterparts.

7- Verification
In this section, the reliability of the proposed confinement model in simulating the experimental
counterparts is addressed. In Fig. 13, a flowchart for calculating axial stress-strain curve of FRP

fully/partially confined concrete columns is presented. As can be seen, the effectiveness of FRP
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confining system can be easily determined through following the proposed incremental procedure.
In order to appropriately assess the model, in addition to global axial response, its capability in

predicting the dilation response is also examined. Zeng et al. [5] conducted an experimental study

on fully/partially FRP confined circular concrete with different S, , ns and confinement types of

full and partial systems. The test specimens had a diameter of 150 mm with a height of 300 mm.
The compressive strength of unconfined cylindrical concrete was 23.4 MPa. The values of
thickness, tensile elastic modulus and rupture strain of FRP strips were reported as 0.167 mm,
249.1 GPa and 1.66%, respectively. Complete detailed of the test specimens can be found from
Zeng et al. [5]. The axial and dilation responses of the test specimens reported by the experiment
and obtained from the proposed model are compared in Fig. 14. As can be observed, the proposed
model has a good predictive performance, with a slightly conservative tendency to predict not only
the global axial stress-strain curves of the test specimens with full/partial confinement systems,

but also experimental axial stress versus lateral strain.

For further examination of the model capability in predicting axial response, In Fig. 15, axial
responses obtained from the analytical model are compared to those experimentally measured by
Zeng et al. [43], Shan et al. [46] and Gue et al. [8], which are the larger dimension specimens
found in the database for the assessment of the performance of the developed model in predicting
their axial stress-strain response. As can be seen, the predictions are in an acceptable agreement
with the global axial stress-strain curve of the experimental FFC/FPC specimens. Supplementary
results regarding the validations of the developed model in simulating axial behavior of FFC and

FPC can be found, respectively, in Figs. B1 and B2 in Appendix B.
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Fig. 16 evaluated the predictive performance of the developed confinement model, in the
estimation of ultimate axial stress and strain ( f_,®° and ¢,®°) of FFC and FPC, compared to that

of existing models recommended by fib [25], CNR DT 200/2004 [26] and ACI 440.2R-17 [27],

which can be found in Appendix A.

As can be seen, for the case of FFC, the proposed model provided the most accurate and uniform

predictions of f_®° with the values of mean, SD (standard deviation) and MAPE (mean absolute

N
percentage error which is expressed as MAPE = %\I Z‘l— f, A/ 1,5 where N is the total
1

number of the test data) as 0.99, 0.15 and 0.12, respectively. ACI 440.2R-17 [27] presented a slight
underestimation of the experimental counterpart (mean = 0.89), with the values of SD and MAPE
as 0.15 and 0.15. On the other hand, for the case of FPC, CNR DT 200/2004 [26] demonstrated
the most accurate model, with the values of mean, SD and MAPE as 1.00, 0.12 and 0.10,

respectively. The predictive performance of the proposed model in predicting ™ is virtually

identical to CNR DT 200/2004 [26], but with slightly more SD equal to 0.13.

For the case of ¢,°, fib [25] and CNR DT 200/2004 [26] conservatively predicted the

experimental counterparts, even though ACI 440.2R-17 [27] seems to provide better estimations
of ultimate axial strain for the case of FFC, non-conservative results for some test specimens of
FPC are obtained which slightly overwhelm its reliability evaluation. The predictive performance
of Eq. (48) confirmed its reliability to predict the experimental axial strain with sufficient accuracy

demonstrated by the relative statistical values for the both cases of FFC and FPC.
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As demonstrated in Figs. 14-16, it can be concluded that the developed model conducted in the

present study is sufficiently capable of predicting not only the global axial stress-strain relationship

of FFC/FPC, but also the ultimate conditions ( f_,®® and ¢ ).

9-Summary and conclusions

In the present study, a new unified confinement model applicable to different confinement
scenarios including circular cross-sections concrete columns with full and partial confining
strategies was proposed. To simulate the axial stress versus strain curve, a new strength model is
proposed addressing the relation of axial stress and confinement pressure during axial loading,
whose calibration was based on an extensive set of test results. For formulating the influence of
concrete expansion distribution in the calculation of confinement pressure, Shayanfar et al. [23]’s
model is extended to be applicable to FFC as a function of confinement stiffness, along with some
refinements for the case of FPC. In this model, the concrete lateral expansibility was addressed as

a main function of confinement stiffness (1) and also s, /L,, for the case of FPC. A new

expression is subsequently developed to estimate ultimate axial strain of FFC/FPC with a
combination of theoretical basis and experimental observations. Lastly, the predictive performance
of the developed confinement model was assessed through analytically simulating experimental
counterparts. The comparison between the analytical model and experimental counterparts
demonstrated that global axial stress-strain curves simulated by the proposed confinement model
are in good agreement with those registered experimentally in available literature, and provides
better predictions in terms of ultimate axial stress/strain than the formulations proposed by design
standards. The authors are working on the extension of the present formulation in order to be

applicable to non-circular cross section columns, where the non-homogeneous concrete
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expansibility at the cross-section level must be also considered by taking into account the influence

of the sectional corner radius.
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Appendix A

In this section, a brief description of the confinement models recommended by fib [25], CNR DT
200/2004 [26] and ACI 440.2R-17 [27] will be introduced for predicting the ultimate axial strain

and the ultimate axial stress of concrete.

fib [25]
f
Ta _ 0343 [ e (A-1)
c0 c0
& Ecgh ru fl eff
Za—241.25 <R | Lel (A-2)
gco c0 ch
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670 CNR DT 200/2004 [26]

2
f )
To gy 2.6[ Lef ] (A-3)
c0 ch
& fI eff
Za —0.0035+0.015, [— (A-4)
gco c0

671  ACI 440.2R-17 [27]

fcu fl,ef‘f
c0 c0
f s 0.45
Lo 175412 Lo | Zhow (A-6)
5co c0 800

672  where E_ is the concrete modulus elasticity; ¢, ., is the effective hoop strain at FRP rupture; v

673 is the additional reduction factor, equal to 0.95; f, . defines the effective confinement pressure of

674  FPC, recommended by

1
free =Ko fis =§kv,fpf Efgh,rup (A-7)
675 in which
gh,rup = ﬁggfu (A-8)
s 2
k,, =|1-— A-9

676  where p, is the FRP volumetric ratio; E; is the FRP modulus elasticity; k, ; is the confinement

677  efficiency factor; S, is FRP efficiency factor; and &, is the ultimate FRP tensile strain.
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Appendix B

The axial and dilation responses of the test specimens of FFC conducted by Lim and Ozbakkaloglu
[4] and FPC tested by Barros and Ferreira [6], Zeng et al. [7] and Gue et al. [8] are compared with

those obtained from the proposed model in Figs. B.1 and B.2, respectively.
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Fig. 1. a) Different confinement configurations; b) Confinement pressure paths of AFC and FFC; c) Peak axial

stress vs axial strain; ¢) Different axial responses of AFC and FFC

Note: UC: unconfined concrete columns; FFC: FRP fully confined concrete columns; FPC: FRP partially confined concrete
columns; AFC: Actively confined concrete columns; ev defines the concrete volumetric strain (negative value means
specimen’s volume increase)


https://www.editorialmanager.com/comstr/download.aspx?id=311463&guid=91f9c75c-df85-4ea3-8b99-86b36f5d6b16&scheme=1
https://www.editorialmanager.com/comstr/download.aspx?id=311463&guid=91f9c75c-df85-4ea3-8b99-86b36f5d6b16&scheme=1

Figure 2 Click here to access/download;Figure;Fig. 2.docx =

Fig. 2.
Axial position (mm)
0 02-250 -200  -150 -100 -50 0 50 100 150 200 250
= ' s -
‘= Damage zone length (La) Tw /,,”
= E:
% 0015 e/
= s o fomax
: o) .
2 P - a oo 2t oo
= 001 ’ -~ &
: / ~ N i
> ’ NO) o fomax = 0.9
= o e ——
S 0005 I _e. ~_ - -
- i ~ i ~
S ‘ ’ =l fo Momax = 0.8 ~<
0
fe
el fr; FFC
5 o -~ —
1 7
~= FFC= | FFC f; . FFC
Minimum /ﬂ_ fr FFC=kssFFC £ FFC} e——
expansion m— /
1 1
e r¢
1 I
L T 3
d ( \;_ ............. *— .....................
H L fr: FFC 1
Maximum ——— K ‘e
expansion \ \
————— -
\ﬂ ' '
—————
\
\ \
O— -
— — -
D i = ngFC €l ff,i FFC — Ke FFC ff:l FFC
fejFFC = Er a1 Concrete expansion FRP confining stress

DAMAGE ZONE

Fig. 2. Distribution of concrete lateral expansion and FRP confining stress


https://www.editorialmanager.com/comstr/download.aspx?id=311464&guid=161602f3-041c-4bdb-af9f-2e09158615fa&scheme=1
https://www.editorialmanager.com/comstr/download.aspx?id=311464&guid=161602f3-041c-4bdb-af9f-2e09158615fa&scheme=1

Figure 3

Fig. 3.

Click here to access/download;Figure;Fig. 3.docx %

K: (2) —1 1 !
A - — - La/2
) | W
el St
\ , :::::::
\{-> k.(z2)=az"+a,z+4a, —
AN
FFC AN
kff - N mm y
N
S — dk, (2) -0 1 2
KFC T "y |ZHEK
’ z z : —, 3 3 ’
kg(z)_14(1kf°)[Ld{LJ ] |
0 —,
Lq/2

Fig. 3. Distribution k, (z) along L, /2


https://www.editorialmanager.com/comstr/download.aspx?id=311465&guid=5b286091-3546-4959-b2b9-8fecdf24b07e&scheme=1
https://www.editorialmanager.com/comstr/download.aspx?id=311465&guid=5b286091-3546-4959-b2b9-8fecdf24b07e&scheme=1

Figure 4

Fig. 4.

Normalized axial stress

2.0

Ir= 0.042 Volumetric | Volumetrig
' expansion | compaction
1+=10.030
15 .
Transition
I;=0.022 zone
1.0 K
= 0
0.5
0<I;<0.045
0.0
-0.014 -0.011 -0.008 -0.005 -0.002 0.001 0.004

Volumetric strain

Normalized axial stress

Click here to access/download;Figure;Fig. 4.docx 2

4
Volumetric | Volumetric I¢
expansion | compaction
3
2 If =%—-
. - % Transition zone
I>0.045
0
-0.004  -0.001 0.002 0.005 0.008 0.011

Volumetric strain

Fig. 4. Normalized axial stress vs volumetric strain

Note: Experimental results from [4, 5, 30, 31]

0.014


https://www.editorialmanager.com/comstr/download.aspx?id=311466&guid=6260136b-362c-4d1c-adff-19f419125b8b&scheme=1
https://www.editorialmanager.com/comstr/download.aspx?id=311466&guid=6260136b-362c-4d1c-adff-19f419125b8b&scheme=1

Figure 5 Click here to access/download;Figure;Fig. 5.docx %

Fig. 5.

"N Shayanfar et al. [23]
k FFC =1

. i
T B

Fig. 5. k,™ versus |, relation


https://www.editorialmanager.com/comstr/download.aspx?id=311467&guid=75705742-f832-48f2-b00a-2cbf9871c076&scheme=1
https://www.editorialmanager.com/comstr/download.aspx?id=311467&guid=75705742-f832-48f2-b00a-2cbf9871c076&scheme=1

Figure 6 Click here to access/download;Figure;Fig. 6.docx 2

Fig. 6.

1
&l fri FPC i
o O— o— ]
(L 1 1
expansion “_ Sl— i
/ 1
G :
. / f FPC=KFPC f; FPC
Critical /< o i
section | . el ! !
H ................ (JFmm Ot e !
<=’ \ :
Maximum \ ¢—————] 1
expansion \ H
—
R :
N

Q— @— i

\
— : ;
O — i
eli = kC e fri FPC = k. FPC fr; FPC
1
Concrete expansion FRP confining stress i

DAMAGE ZONE

Fig. 6. Distributions of concrete lateral expansion and FRP confining stress for FPC


https://www.editorialmanager.com/comstr/download.aspx?id=311468&guid=c2c0a2b5-4f3d-490e-8e8f-429eb52555a3&scheme=1
https://www.editorialmanager.com/comstr/download.aspx?id=311468&guid=c2c0a2b5-4f3d-490e-8e8f-429eb52555a3&scheme=1

Figure 7

Fig. 7.

Click here to access/download;Figure;Fig. 7.docx %

ks FPC
1 e T
\\\\
* Shayanfar et al. [23]
kff FFC \\\ y
Y
\\ \\
ke FPC \\.\\ kg™ = (142K, )~ (1, %) > 0.08
””””””” NG 3 ¢ 3L, ¢
i NN
0.08 |----n ommemmme ——— -
0O ‘ : » St/ Ldo
St/ Lo 1

Fig. 7. kg™~ versus S; /Ly, relation


https://www.editorialmanager.com/comstr/download.aspx?id=311469&guid=27a46187-ff27-4556-8c8a-35121e460b81&scheme=1
https://www.editorialmanager.com/comstr/download.aspx?id=311469&guid=27a46187-ff27-4556-8c8a-35121e460b81&scheme=1

Figure 8 Click here to access/download;Figure;Fig. 8.docx %

Fig. 8.

Vs/Vsmax €1=0.75+3.85 ps <1.00
y N
c €2=0.85+1.54 px 1 <0.95
i B e ‘ C3=0.65 +3.08 s <0.85
Sy e ‘ C4=0.20+9.23 s <0.80
Ci |- ‘ ‘
2 A
el /- s S S F
Vs,0/ Vs max Cc1>0.5
1 : : : ‘ : » Ec
g0 260 &m 0.015 0.025 0.05
Fig. 8. v, /v, . and g, relation (redrawn from Shayanfar et al. [23])


https://www.editorialmanager.com/comstr/download.aspx?id=311470&guid=e9cb13c5-3728-44b7-b972-5588f99cd115&scheme=1
https://www.editorialmanager.com/comstr/download.aspx?id=311470&guid=e9cb13c5-3728-44b7-b972-5588f99cd115&scheme=1

Figure 9 Click here to access/download;Figure;Fig. 9.docx %

Fig. 9.
60 g s
Mean: 1.062 OFFC AFPC OEEC A EPC
SD: 0.389 Data test: 289 s
45 & MAPE: 26.2% I
é Mean: 0.968
3 s o \a SD: 0.347
& = 2 MAPE: 23.3%
= g 8 &
= &
3
1)
>
0

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Pkt Pkt

a) b)
Fig. 9. a) Variation of the experimental dilation results with p ; ; b) Predictive performance of

Eq. (28)


https://www.editorialmanager.com/comstr/download.aspx?id=311471&guid=8391be4f-b555-471d-a22c-ea757a76552b&scheme=1
https://www.editorialmanager.com/comstr/download.aspx?id=311471&guid=8391be4f-b555-471d-a22c-ea757a76552b&scheme=1

Figure 10 Click here to access/download;Figure;Fig. 10.docx

Fig. 10.
30 30 Mean: 0.975
Mean: 1.038 ean: 0.
oo | Cov:0224 AFFC OFPQ ,o | Cov:004s OFFC AFPC
~ |MAPE: 0.184 Data test: 292 ~ | MAPE: 4.0 % Data test: 292
8
—
(nd
~~
©
c
<
—
o
0.0 0.0
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
P s Prt
a) b)

Fig. 10. Test data and regression equations for: @) R , and b) R,


https://www.editorialmanager.com/comstr/download.aspx?id=311472&guid=82a0c012-a111-4dbd-91e5-5874c5dfa456&scheme=1
https://www.editorialmanager.com/comstr/download.aspx?id=311472&guid=82a0c012-a111-4dbd-91e5-5874c5dfa456&scheme=1

Figure 11 Click here to access/download;Figure;Fig. 11.docx =

Fig. 11.

CBET S
£ 4—FRP rupturé ‘ ="

7)

) FRP. ruptores
- e

R, =0 R, =013 R, =0.36 R, =0.65 R, =1
FRP rupture FRP rupture and concrete crushing concrete crushing
a) b) c) d) €)

Fig. 11. Failure mechanisms of FRP confined concrete based on the experimental studies conducted
by a) Suon et al. [45]; b) Zeng et al. [43]; ¢, d) Zeng et al. [5]; €) Wang et al. [44]


https://www.editorialmanager.com/comstr/download.aspx?id=311474&guid=69d7d260-a8e4-467b-946e-8e2fe732ea97&scheme=1
https://www.editorialmanager.com/comstr/download.aspx?id=311474&guid=69d7d260-a8e4-467b-946e-8e2fe732ea97&scheme=1

Figure 12 Click here to access/download;Figure;Fig. 12.docx

Fig. 12.
1.2 1.50 1.50
Mean: 0.991
10 OFFC 1.25 CoV: 0433 125
MAPE: 0.317
B, s 0.61
0.8 s OQ&O_-_ - . 1.00 5 L00 cu,r :1'83pK‘f
2 =1- > 3 ; & “
€ g6 p W 1-15p,1 208 GQO.’H & o P’,'G’
o ol E-Y =
—-0.27|
04 P Test Data: 191 0.50 _ﬁs =1.45p, ; tcs
Mean: 1.029 : iiatX TN = Mean: 1.048
0.2 CoV: 0.142 0.25 o CoV: 0.429
MAPE: 0.066 MAPE: 0.31
0.0 0.00
0.0 01 0.2 03 0 S0 100 IS0 200 250 0.0 o1 02 0.3
Prr Jeo Prr
a) b) c)
12 5 0.08 =
7 =70R,*~85R,” +33R, —2.1 7,=1.85-0.85L,/D L,
4 [y 4
9 | Test Data: 135 4ERC Mean: 1.149 0.06 ;/
a Mean: 1.074 3 A CoV: 0.373 o 2 A
g | Covioadsd A 5 A MAPE:0.336 | J a ,/{
~ © | MAPE: 0,329 A ~ 5 AM/@
= A o = a» e =) 2 o
P - A A
RS -
-
3 e 1 S- Mean: 1.004
=47 % CoV: 0.422
. -4 0 0 MAPE: 0.312
00 02 04 06 08 Lo 00 03 06 09 12 15 000 002 004 006 0.08
Rf L{fﬂ /D 8cu Ana
d) e) f)

Fig. 12. Comparison of experimental results and analytical models
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Fig. 14. Analytical analysis versus experimental results for the FRP fully/partially confined specimens tested

by Zeng et al. [5]
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Fig. 15. Analytical analysis versus experimental results for FFC/FPC specimens tested by Zeng et al. [43],
Shan et al. [46], and Gue et al. [8];
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Fig. 16. Comparison of experimental results and analytical models
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Fig. B.1. Analytical analyses versus experimental results for FFC specimens tested by Lim and Ozbakkaloglu [4]
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Fig. B.2. Analytical analysis versus experimental results for FPC specimens tested by Barros and
Ferreira [6], Zeng et al. [7] and Gue et al. [8]
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Table 1.

Table 1. Summary of confinement models for AFC and FFC

Expression
Model _ _ Note
Axial stress Peak axial stress

Active __ Active
. - 1:cc - gz( fI )
Active

Active \Me2
Category | fr =g, ( fCCA“‘Ve) €  _{ym. |2 - Confinement path-independent
i - m, and m,, = calibration factors derived

from AFC specimens

_ fCCPassive _ gz( flff Passive)

c0 c0

’ ) f Passive f* Passive "\ a2 ] )
Category 11 oo =g, ( fcc"ass've) cc =1+m, L - Confinement path-independent _
0 fo - m, and m,, = calibration factors derived
from AFC specimens
CCPassive f|*f Passive Af| Maz - fCCPaSSive = gz( flff Passive’ Afl)
=l+m, | — - Confinement path-dependent

c0 feo -m,, and m,, = calibration factors derived
from AFC specimens

_ f Passive — f* Passive
Passive * Passive \p2 e ) gs( Lt )
e 14 If - Confinement path-dependent
fo Plf -m, and m, = the calibration factors

Category 11 fCPaSSiVe — gl ( fCCPaSSive)

c0
derived from FFC specimens

in which f*"" is the axial stress of AFC as a function of peak axial stress ( f,**); f,"*"® is the axial stress of FFC as a function of peak axial

Passive

stress ( f, ) in the stress-strain base relation; f, is the axial compressive strength of unconfined concrete; Af, is the confinement pressure

gradient; Confinement path represents the variation of confinement pressure with axial strain/stress.


https://www.editorialmanager.com/comstr/download.aspx?id=311483&guid=3c96f617-b102-46a3-a6d5-57ee861265f3&scheme=1
https://www.editorialmanager.com/comstr/download.aspx?id=311483&guid=3c96f617-b102-46a3-a6d5-57ee861265f3&scheme=1

Table 2 Click here to access/download;Table;Table 2.docx %

Table 2

Table 2. Assembled database for FFC and FPC

Confinement f

ID Total | arrangement D feo PR R1 R2 - fu

FrC FPC (mm) (MPa) feo Eco
Rochette and Labossie're [35] 2 2 100-150 44-45 2.6-4.2 197-235 | 075-0.86 | 16-1.7 7.2-17
Shehata et al. [36] 2 2 150 26-30 3.2-6.6 315372 | 0.76-091 | 2.1-24 7893
Teng and Lam [37] 3 3 152 37-39 15-39 315382 | 0.64-080 | 1.4-19 45-8.2
Xiao and Wu [38] 39 39 152 34-55 1.3-85 0.62-3.81 | 0.68-1.05 | 1.0-28 | 19-127
Berthet et al. [39] 15 15 70-160 23.6-171 | 1.3-15.1 1.10-45 | 0.62-1.01 | 1122 1.6-8.7
Barros and Ferreira [6] 39 8 31 150 18-40 0.1-26.2 | 0.18-486 | 0.34-1.40 | 1.0-65 | 2.9-28.1
Wang and Wu [30] 4 4 150 31-52 1.3-59 1.00-298 | 067-090 | 13-2.2 | 48-143
Eid et al. [31] 18 18 152 32-68 1.1-6.9 0.71-347 | 059-0.93 | 12-22 | 27-11.1
Wang and Wu [40] 18 18 70-194 24-52 0.3-5.1 0.19-2.85 | 0.37-089 | 1.0-34 15-6.0
Benzaid and Mesbah [41] 6 6 160 26-62 1.0-9.2 0.72-410 | 0.63-095 | 1.1-25 | 15-119
Lim and Ozbakkaloglu [4] 36 36 152 30-98 0.9-5.2 1.02-346 | 059-091 | 12-20 | 55-12.1
Vincent and Ozbakkaloglu [42] 6 6 152 110 2.7-4.8 1.16-1.73 0.80-0.90 1.2-15 5.4-6.9
Zeng et al. [43] 12 3 9 238 23 0.9-8.9 0.45-416 | 0.39-0.95 | 1.3-31 | 2.7-10.9
Zeng et al. [5] 60 6 54 150 23 0.1-13.0 | 0.20-425 | 0.31-1.16 | 1.1-47 | 5.2-26.8
Zengetal. [7] 15 15 150 24 0.1-4.1 019207 | 0.33-081 | 1.0-18 | 41-173
Wang et al. [44] 7 1 6 100 36 0.1-5.7 0.17-435 | 0.35-0.88 | 1.2-40 | 15-18.6
Guo et al. [8] 21 21 100-300 34-42 0.2-3.8 028261 | 047068 | 1.1-22 | 6.3-25.0
Suon et al. [45] 3 3 150 16 0.9-3.8 1.10-325 | 055-0.77 | 1524 | 6.4-12.8
Shan et al. [46] 3 3 300 37 3.8 3.42 0.79 2122 6.5-6.6
Linetal. [17] 18 18 150 32-54 3.2-145 | 3.11-431 | 075123 | 13-37 | 54-19.1
ALL [ 327 [ 191 [ 136 [ 155-0.22° | 40-056 | 36-0.94 | 1.79-065 | 0.68-0.37 | 1.8-038 | 9.359

Note: a: Mean; b: CoV
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