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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 extensive set of test results. By combining theoretical basis
and experimental observations, the influence of non‐homogenous distribution of concrete transversal expansi-
bility with full/partial confinement during axial compressive loading is taken into the account in the establish-
ment of confinement stiffness index. To estimate the ultimate condition of FRP fully/partially confined
concrete, a new model with a design framework is also developed. It is demonstrated that global axial stress–-
strain curves and also dilation responses simulated by the proposed confinement model are in good agreement
with those registered experimentally in available literature, and provides better predictions in terms of ulti-
mate axial stress/strain than the formulations proposed by design standards.
1. Introduction

The reliability of fiber‐reinforced‐polymer (FRP) composites in var-
ious axial/shear/flexural strengthening scenarios has been demon-
strated 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 experimen-
tally, 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 compres-
sive strength, and confinement stiffness, which was also confirmed by
Lim and Ozbakkaloglu [2–4]. Zeng et al. [5] have experimentally eval-
uated 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 col-
umns (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 sf, 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 sec-
tion, would be subjected to the maximum transversal deformation in
comparison with the concrete expansion at the strip regions.

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 sub-
jected to an active confinement pressure (f Activel ), with a constant value
during entire axial loading, as illustrated in Fig. 1b. In this case, axial
stress (f Activec ) at a certain axial strain (ɛc) can be determined by adopt-
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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; c) Different axial responses of
AFC and FFC.

Table 1
Summary of confinement models for AFC and FFC.

Model Expression Note

Axial stress Peak axial stress

Category I f Activec ¼ g1 f Activecc

� �
f Activecc
f c0

¼ 1þma1
f Activel
f c0

� �ma2
- f Activecc ¼ g2 f Activel

� �
- Confinement path-independent- ma1 and ma2 = calibration factors derived from AFC specimens

Category II f Passivec ¼ g1 f Passivecc

� �
f Passivecc
f c0

¼ 1þma1
f � Passive
l;f
f c0

� �ma2
- f Passivecc ¼ g2 f � Passive

l;f

� �
- Confinement path-independent- ma1 and ma2 = calibration factors derived from AFC specimens

Category III f Passivec ¼ g1 f Passivecc

� �
f Passivecc
f c0

¼ 1þma1
f � Passive
l;f �Δf l

f c0

� �ma2
-f Passivecc ¼ g2 f � Passive

l;f ; Δf l
� �

- Confinement path-dependent-ma1 and ma2 = calibration factors derived from AFC specimens

f Passivecc
f c0

¼ 1þmp1
f � Passive
l;f

f c0

� �mp2
- f Passivecc ¼ g3 f � Passive

l;f

� �
- Confinement path-dependent-mp1 and mp2 = the calibration factors derived from FFC specimens

in which f Activec is the axial stress of AFC as a function of peak axial stress (f Activecc );f Passivec is the axial stress of FFC as a function of peak axial stress (f Passivecc ) in the
stress–strain base relation; f c0 is the axial compressive strength of unconfined concrete; Δf l is the confinement pressure gradient; Confinement path represents the
variation of confinement pressure with axial strain/stress.
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ing an axial stress–strain relation (i.e. Popovics [16] suggested for
AFC), expressed as a main function of peak axial stress (f Activecc ), leading
to f Activec ¼ g1 f Activecc

� �
, henceforth designated by stress–strain base rela-

tion. In this case, as the most widely adopted framework to date,
f Activecc is generally determined as f Activecc ¼ g2 f Activel

� �
depending on f Activel
2

as demonstrated in Table 1. Several studies have been carried out to
suggest the calibration factors of ma1 and ma2 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 confine-
ment strategy in axial strength enhancements. In Category II (i.e.
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[12–14]), conventionally, by adopting a stress–strain base relation, for
the case of FFC under a FRP confinement pressure (f � Passive

l;f ) assumed
to be homogenously imposed to the entire column height with a vari-
able value during axial loading (Fig. 1b and 1c) , its axial stress (f Passivec )
at a certain ɛc is considered to be identical to f Activec through taking into
account f Activel ¼ f � Passive

l;f (f Passivec ¼ g1 f Passivecc

� �
). However, studies con-

ducted 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 ma1 and ma2 for AFC (Table 1), would lead to over-
estimations in predicting global axial stress–strain relation of FFC
(Δf c), even though f Activel;f ¼ f Passivel;f at a certain ɛc, as highlighted in
Fig. 1b‐d. It can be attributed to the considerable difference in the con-
finement pressure path imposed to concrete in AFC and FFC with con-
stant and variable trends, respectively, as presented in Fig. 1b.
Confinement pressure path in the present context represents the rela-
tion between confinement pressure and axial stress/strain during the
entire axial compressive loading. Category III 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 Passivecc through applying a reduction Δf l in the actual FRP confine-
ment pressure obtained from dilation model. In this model, as pre-
sented in Fig. 1b, Δf l 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 con-
crete lateral strain), concrete compressive strength and the corre-
sponding concrete lateral strain. Yang and Feng [18] proposed a
refined version of Jiang and Teng [12]’s model (Category II) 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
(Δf cc). In this approach, the calibration factors of mp1 and mp2(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 func-
tion 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 perfor-
mance in predicting the experimental counterparts. Nonetheless, to
the best of the authors’ knowledge, the substantial influence of con-
finement pressure path on axial stress–strain response of FPC has not
been investigated comprehensively in the existing models. Accord-
ingly, the development of a confinement model addressing confine-
ment 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, by assuming a uniform distribution of
concrete expansion for FFC, confinement pressure (f � Passive

l;f ) is subse-
quently considered to be homogenous along the column height. How-
ever, 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 con-
crete lateral strain along the column height. It was highlighted that
during axial loading, concrete would experience a non‐uniform distri-
bution of expansion depending on confinement configuration. To
3

evaluate the influence of confinement on concrete axial/lateral strain
distribution of FFC along the column height, Fallahpour et al. [22] con-
ducted an experimental investigation through Digital Image Correla-
tion (DIC) technique for the measurement of full‐field strain
evolution. The test results demonstrated that FFC only with high con-
finement stiffness revealed relatively homogenous axial and dilation
responses, while in the case of lower confinement stiffness, less uni-
form behavior along with local strain gradients was exhibited. There-
fore, since the generation of FRP confining hoop strain/stress is in a
direct relation with concrete dilation behavior, the generated confin-
ing stress would be imposed non‐homogenously on the concrete as a
main function of confinement stiffness. As a result, the assumption
of uniform confinement pressure (f � Passive

l;f ) can be considered to be
acceptable only for highly‐confined concrete. For the case of low con-
finement 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] exper-
imentally evidenced the distribution of concrete expansion would be
predominantly non‐homogenous, particularly in case of large sf (dis-
tance 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 confine-
ment 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 arrange-
ments 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 III is proposed for the establishment of the axial stress–strain
curve of FFC and FPC, by introducing new calibration factors of mp1

and mp2 depending on confinement stiffness. A new expression is sub-
sequently 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 experimen-
tally in available literature. The comparative assessment of the pre-
dicted 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 Appen-
dix A) is also demonstrated.

2. Proposed confinement model for FFC

This section provides the determination of the confinement charac-
teristics 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 ɛh ¼ ɛl;j), the FRP
confining stress, f � FFC

f , and the FRP confinement pressure, f � FFC
l;f ,

can be derived using force equilibrium conditions (Fig. 1a):
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f � FFC
l;f ¼ 2

nf tf
D

f � FFC
f ¼ 2

nf tf
D

Ef ɛl;j ð1Þ
where nf is the number of FRP layers, tf is the FRP thickness, D is the
diameter of the column, Ef is the FRP modulus elasticity, and ɛl;j 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] demon-
strated that the distribution of the concrete lateral expansion in the case
of FFC system during axial compressive loading would vary along the
column height as a function of confinement stiffness. As shown in
Fig. 2, the maximum (ɛl;j) and minimum (ɛl;i) concrete lateral expansi-
bility can be assumed to occur at the Point j and Point i, respectively,
with the distance of Ld defining the damage zone length, which will
be addressed in detail in Section 3. Consequently, at a certain level of
ɛl;j, the maximum and minimum FRP confining stresses are
f FFCf ;j ¼ Ef ɛl;j and f FFCf ;i ¼ Ef ɛl;i, respectively. In this study, the reduction
factor kff is introduced to determine an average FRP confining stress
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(f FFCf ) uniformly applied on the columns in order to account for the
non‐uniform concrete expansibility:

f FFCf ¼ kFFCff f FFCf ;j ¼ kFFCff Ef ɛl;j ð2Þ

Based on Eq. (1), FRP confinement pressure (f FFCl;f ) resulting from

f FFCf can be expressed as:

f FFCl;f ¼ 2
nf tf
D

f FFCf ¼ 2
nf tf
D

kFFCff Ef ɛl;j ð3Þ

For the sake of simplicity, the reduction factor kff , can be deter-
mined by taking an average of the ɛl zð Þ=ɛl;j ratio along the damage
zone (Fig. 3):

kFFCff ¼ 2

R Ld=2
0

ɛl zð Þ
ɛl;j

dz

Ld
¼ 2

R Ld=2
0 kɛ zð Þdz

Ld
ð4Þ

where ɛl zð Þ defines the concrete lateral strain within the damage zone
(Ld) along the z axis as illustrated in Fig. 3. Considering a second order
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parabola function distribution for kɛðzÞ along with kɛ ¼ kFFCɛ and
dkɛðzÞ=dz ¼ 0 at the point i (z ¼ Ld=2), leads to (Fig. 3):

kFFCff ¼ 2
R Ld=2
0 a1z2 þ a2z þ a3ð Þdz

Ld

¼
2
R Ld=2
0 1� 4 1� kFFCɛ

� �
z
Ld
� z

Ld

� �2� �� 	
dz

Ld
¼ 1

3
þ 2
3
kFFCɛ ð5Þ

where kFFCɛ is the ratio between ɛl;i and ɛl;j. For highly‐confined concrete
by FRP confinement pressure, concrete transversal expansibility tends
to be uniform, leading to kFFCɛ ¼ 1 and according to Eq. (5), kFFCff ¼ 1.
In this case, the volumetric strain would be positive during axial com-
pressive loading (ɛV ⩾ 0), as shown in Fig. 4, representing a specimen’s
volume decrease. On the other hand, lightly‐confined concrete experi-
ences a noticeable variation in expansion, depending on the confine-
ment stiffness. In this study, based on Teng et al. [28] achievements,
for FFC with uniform concrete expansibility, confinement stiffness
index If can be determined as:

If ¼
f FFCl;f = kFFCff ɛl;j

� �
f c0=ɛc0

¼ 2
nf tf Ef ɛc0
Df c0

ð6Þ

in which
ɛc0 ¼ 0:0015þ f c0

70000 (f c0 in MPa) (7)where ɛc0 is the axial strain cor-
responding to f c0, as suggested by Karthik and Mander [29]. Fig. 4
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shows the relation between the normalized axial stress (f c=f c0) and
volumetric strain (ɛV ¼ ɛc � 2ɛl;j) 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 If . 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 con-
crete dilation as high as smaller is If . Teng et al. [28] recommended
that for lightly confined concrete (If ⩽ 0:01), the effectiveness of con-
finement pressure on axial and dilation response can be neglected. At
If of about 0.045, the volumetric strain evolution virtually becomes
reversed due to FRP jacket capability to restrain the concrete expan-
sion. For If ⩾ 0:045, since the FRP confinement pressure is signifi-
cantly activated, the confined concrete drives to behave in a
compaction way. Accordingly, for high value of If with ɛV ⩾ 0, the dis-
tribution of concrete expansion of FFC is expected to be approximately
uniform with kFFCɛ ¼ ɛl;i=ɛl;j≃1. To evaluate the influence of confine-
ment on concrete axial/lateral strain distribution of FFC along the col-
umn height, Fallahpour et al. [22] experimentally evidenced that FFC
only with high confinement stiffness (If ¼ 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 kFFCɛ ) was exhibited.

Based on the aforementioned discussion, using the dilation
model developed by Shayanfar et al. [23] (Eq. (8)), when ɛV ¼ 0, the
value of confinement stiffness index (I�f ) corresponding to the
maximum secant Poisson’s ratio (vs;max) equal to 0:5 can be determined
by Eq. (9).

vs;max ¼ 0:155
1:23� 0:003f c0ð Þ ffiffiffiffi

If
p ð8Þ

I�f ¼
0:155

1:23� 0:003f c0ð Þ � 0:5

� �2

≃0:06þ 0:0005f c0 f c0 inMPað Þ ð9Þ

Accordingly, based on the experimental observations conducted by
Fallahpour et al. [22] for If < I�f , a non‐uniform distribution of con-
crete expansion with maximum and minimum lateral strains at Point
j and Point i, respectively, can be assumed, so that kFFCɛ < 1. Based
on the above discussion, to develop the relation between kFFCɛ and If ,
the following conditions should be satisfied:

i. kFFCɛ enhances with increasing If .
ii. kFFCɛ approaches the value of kɛ;min when confinement pressure is

equal to zero (unconfined concrete).
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iii. kFFCɛ approaches 1 when If ⩾ I�f as evidenced by Fallahpour et al.
[22].

Shayanfar et al. [23,32] recommended kɛ;min ¼ 0:08 based on the
experimental dilation results of a series of unconfined concrete speci-
mens. Considering the aforementioned conditions, a new expression
was derived to determine kFFCɛ from If and I�f (Fig. 5):

kFFCɛ ¼ 0:08þ 0:92 2 If
I�f
� If

I�f

� �2
" #

⩽ 1 for If ⩽ I�f (10)

kFFCɛ ¼ 1 for If ⩾ I�f ð10Þ

Ultimately, by determining kFFCɛ depending on If , kFFCff can be
obtained using Eq. (5) as an input parameter in Eq. (3) for the calcula-
tion of f FFCl;f .

3. Proposed confinement model for FPC

This section is dedicated to address the determination of the con-
finement characteristics of partially confined concrete (FPC) columns
under axial compressive loading. In Fig. 6, the non‐uniform distribu-
tions of concrete lateral expansion and FRP partial confining stress
in FPC are presented. As can be seen, the maximum expansion ɛl;j
would occur at the critical section corresponding to Point j, which is
not directly subjected to confinement pressure. However, point i corre-
sponding to middle section of FRP strip experiences the minimum con-
crete dilatancy, ɛl;i, leading to FRP confining stress f f ;i. In this study,
according to Eqs. (1) to (3), considering the influence of vertical arch-
ing action based on Shayanfar et al. [32] presented in Eq. (14), FRP
confinement pressure (f FPCl;f ) generated by f FPCf can be expressed as:

f FPCl;f ¼ 2
nf tf wf

sf þ wf
� �

D
kv;f f

FPC
f ¼ 2

nf tf
D

kρkv;f f
FPC
f ð11Þ

in which

f FPCf ¼ kFPCff f FPCf ;j ¼ kFPCff Ef ɛl;j ð12Þ

kρ ¼ wf

sf þ wf
ð13Þ

kv;f ¼
wf þ sf 1� Rf þ 0:43R2

f � 0:07R3
f

� �
wf þ sf

⩽ 1 ð14Þ
k FFC
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Rf ¼ sf
D

ð15Þ

where wf is the strip width. Rf 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 con-
finement. Based on the concept of the confinement efficiency factor
([24]), by applying the reduction factor kv;f , the entire concrete column
can be assumed to be as effectively confined concrete, similar to FFC
confinement mechanism.

According to the developed relation for FFC (sf ¼ 0), by increas-
ing sf in FPC system, the confinement system capability to curtail
concrete transversal expansibility decreases. Accordingly, for a
relatively large value of sf , the effectiveness of this partial confining
system becomes minimal and approaches to kɛ;min ¼ 0:08, while kFPCff

can be assumed as kFPCff when sf ¼ 0. In this study, for sf ⩾ Ld, repre-
senting 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, Ld can be estimated
to be equal to the length of damage zone of unconfined concrete
columns (Ld0). 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 Ld0 as a function
of column diameter and concrete compressive strength as follows
(with a slight rearrangement):

0:57 ⩽
Ld0

DLerψ f
¼ 1:71� 3:53� 10�5D2

Ler ⩽ 1:36 ð16Þ

in which

DLer ¼
ffiffiffiffiffiffi
Ag

p
≃0:886D D inMPað Þ ð17Þ

ψ f ¼
6:3ffiffiffiffiffiffi
f c0

p ⩽ 1 f c0 inMPað Þ ð18Þ

where DLer is the equivalent diameter that is calculated as the square
root of the total cross‐sectional area [33].

To develop the relation between kFPCff and sf , the following condi-
tions should be satisfied:

i. kFPCff decreases with the increase of sf .

ii. kFPCff is equal to kFPCɛ when sf≃Ld0
iii. kFPCff follows a hoop strain distribution similar to FFC when sf≃0

iv. kFPCff approaches the value of kɛ;min when sf≃Ld0 (unconfined
concrete).

v. kFPCff approaches kFFCff when sf≃0.

Therefore, the relation between kFPCff and sf =Ld0 was formulated to

decrease linearly from kFPCff ¼ kFPCff ;ave at sf ¼ 0 (full confinement) to

kFPCff ¼ 0:08 at sf ¼ Ld0:

kFPCff ¼ kFPCff ;ave � kFPCff ;ave � kFPCɛ

� � sf
Ld0

⩾ 0:08 ð19Þ

in which

kFPCff ;ave ¼
1
3
þ 2
3
kFPCɛ ð20Þ

where kFPCff ;ave 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 sf ¼ 0. Introducing
Eq. (20) into Eq. (19) gives
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kFPCff ¼ 1
3

1þ 2kFPCɛ

� �� sf
3Ld0

1� kFPCɛ

� �
⩾ 0:08 ð21Þ

For the determination of kFPCɛ , based on Eq. (19), it was assumed
that it linearly decreases from kFPCɛ ¼ kFFCɛ (atsf=Ld0 = 0, full confine-
ment) to kFPCɛ ¼ 0:08 (at sf ¼ Ld0) (Fig. 7):

kFPCɛ ¼ kFFCɛ � kFFCɛ � 0:08
� � sf

Ld0
⩾ 0:08 ð22Þ

Accordingly, by replacing kFFCɛ obtained from Eq. (22) in Eq. (21),
kFPCff can be determined, as an input parameter in Eq. (12). The kFPCff ver-
sus sf =Ld0 relationship for FPC is demonstrated in Fig. 7. It estimates
kFPCff 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 confine-
ment stiffness imposed on the confined concrete. For reflecting the
influence of this parameter, the recommendation of Shayanfar et al.
kff
FPC
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Fig. 7. kFPCff versus sf =Ld0 relation.
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[23] was taken, by proposing a new confinement stiffness index appli-
cable to both full and partial systems, taking into account the concrete
transversal expansibility (by considering Eqs. (6), (11) and (12)):

ρK;f ¼
f FPCl;f =ɛl;j
f c0=ɛc0

¼ kρkv;f k
FPC
ff If ¼ KeIf ð23Þ

in which

Ke ¼ kρkv;f k
FPC
ff ð24Þ

where Ke is defined as the confinement efficiency factor. For FFC, Eq.
(23) leads to ρK;f ¼ kFFCff If that can be calculated using Eqs. (5) and
(6), respectively.

4. Dilation model

This section is dedicated to address the determination of the dila-
tion characteristics for FFC and FPC. According to the confinement
mechanism, at a certain axial stress, f c, the corresponding ɛc leads to
lateral strain ɛl;j (radial strain) in compliance with concrete secant
Poisson’s ratio vs, resulting in confining stress to restrain concrete ten-
dency to dilate. By rearranging Eq. (23), FRP confinement pressure can
become explicitly dependent on vs:

f FPCl;f

f c0
¼ ρK;f

ɛl;j
ɛc0

¼ ρK;f
vsɛc
ɛc0

ð25Þ

Accordingly, the determination of vs corresponding to ɛc 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 vs=vs;max

and ɛc, as illustrated in Fig. 8. Here, vs=vs;max is the secant Poisson’s
ratio normalized by its maximum value at the critical section during
axial loading corresponding to the axial strain of ɛc;m, which was
empirically suggested as:

ɛc;m ¼ 0:0085� 0:05ρK;f ð26Þ
As shown in Fig. 8, the dilatancy of confined concrete is equal to

that of unconfined concrete up to ɛc ¼ ɛc0 (point A) with vs ¼ vs;0,
which can be calculated by (Candappa et al. [34]):
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Fig. 8. vs=vs;max and ɛc relation (redrawn from Shayanfar et al. [23]).
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vs;0 ¼ 8� 10�6f 2c0 þ 2� 10�4f c0 þ 0:138 f c0 inMPað Þ ð27Þ
Since the development of concrete cracking induces an increase in

vs, the trend evolves from vs;0 to c1 � vs;max (point B), corresponding to
ɛc ¼ 2ɛc0 ([25]), and further increases up to vs;max at ɛc ¼ ɛc;m (point C),
followed by a decrease until ultimate conditions. To formulate the
relation between vs and ɛc, the determination of vs;max as an input
parameter is necessary, which was derived empirically through regres-
sion 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 proper-
ties. It comprises 70 ⩽ D ⩽ 300 (mm), 15:8 ⩽ f c0 ⩽ 171:0(MPa),
13:6 ⩽ Ef ⩽ 276:0 (MPa), 0:013 ⩽ ɛfu ⩽ 0:035, 0:001 ⩽ ρK;f ⩽ 0:262
and different FRP types as carbon, glass, basalt and aramid FRP (CFRP,
GFRP, BFRP, AFRP).

Fig. 9a demonstrates the variation of vs;max with ρK;f based on the
test database by Shayanfar et al. [23]. As expected, the vs;max decreases
with the increase of the confinement stiffness, as vs;max ¼ 0:15= ffiffiffiffiffiffiffiffi

ρK;f
p

using a preliminary regression analysis (Fig. 9a). The decrease is quite
abrupt up to ρK;f≅0:015, and smooth above this value. In the present
study, based on the best fit with experimental results, a new formula-
tion to calculate vs;max as a main function of ρK;f (along with Ld0=D) was
developed, resulting in:
Table 2
Assembled database for FFC and FPC.

ID Total Confinement
arrangement

D
(mm)

fc0
(MP

FFC FPC

Rochette and Labossie‘re [35] 2 2 100–150 44–
Shehata et al. [36] 2 2 150 26–
Teng and Lam [37] 3 3 152 37–
Xiao and Wu [38] 39 39 152 34–
Berthet et al. [39] 15 15 70–160 23.
Barros and Ferreira [6] 39 8 31 150 18–
Wang and Wu [30] 4 4 150 31–
Eid et al. [31] 18 18 152 32–
Wang and Wu [40] 18 18 70–194 24–
Benzaid and Mesbah [41] 6 6 160 26–
Lim and Ozbakkaloglu [4] 36 36 152 30–
Vincent and Ozbakkaloglu [42] 6 6 152 110
Zeng et al. [43] 12 3 9 238 23
Zeng et al. [5] 60 6 54 150 23
Zeng et al. [7] 15 15 150 24
Wang et al. [44] 7 1 6 100 36
Guo et al. [8] 21 21 100–300 34–
Suon et al. [45] 3 3 150 16
Shan et al. [46] 3 3 300 37
Lin et al. [17] 18 18 150 32–
ALL 327 191 136 155a-0.22b 40–

Note: a: Mean; b: CoV.
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vs;max ¼ 0:15
0:585þ 0:585 Ld0

D

� � ffiffiffiffiffiffiffiffi
ρK;f

p ¼ 0:256
1þ Ld0

D

� � ffiffiffiffiffiffiffiffi
ρK;f

p ð28Þ

The acceptable predictive performance of Eq. (28) in the simulation
of the experimental counterparts can be confirmed in Fig. 9b.

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 III is pro-
posed by introducing new calibration factors of mp1 and mp2as pre-
sented in Table 1. In this category, at a certain level of axial strain
(ɛc), the corresponding axial stress (f c) can be determined by adopting
a stress–strain base relation, whose characteristics are expressed as a
function of the peak stress (f cc) and the corresponding axial strain (ɛcc).

To formulate f c versus ɛc relation as a stress–strain base relation,
the expression suggested by Popovics [16], originally for AFC, was
adopted:

f c ¼ f cc
ɛc=ɛccð Þn

n� 1þ ɛc=ɛccð Þn ð29Þ

in which

ɛcc
ɛc0

¼ 1þ 5
f cc
f c0

� 1
� �

25½ �ð Þ ð30Þ

n ¼ Ec

Ec � f cc=ɛcc
ð31Þ

Ec ¼ 4400
ffiffiffiffiffiffi
f c0

p
f c0 inMPað Þ ð32Þ

wheren defines the concrete brittleness introduced by Carreira and Chu
[47]; Ec 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 Category III (Table 1) is developed
to determine the relation between f cc and f FPCl;f (which is determined
from Eq. (25)), derived from global axial stress–strain of FFC/FPC test
specimens with passive confinement path. It can be expressed as
a)
ρK,f R1 R2 f cu

f c0

ɛcu
ɛc0

45 2.6–4.2 1.97–2.35 0.75–0.86 1.6–1.7 7.2–7.7
30 3.2–6.6 3.15–3.72 0.76–0.91 2.1–2.4 7.8–9.3
39 1.5–3.9 3.15–3.82 0.64–0.80 1.4–1.9 4.5–8.2
55 1.3–8.5 0.62–3.81 0.68–1.05 1.0–2.8 1.9–12.7
6–171 1.3–15.1 1.10–4.5 0.62–1.01 1.1.2.2 1.6–8.7
40 0.1–26.2 0.18–4.86 0.34–1.40 1.0–6.5 2.9–28.1
52 1.3–5.9 1.00–2.98 0.67–0.90 1.3–2.2 4.8–14.3
68 1.1–6.9 0.71–3.47 0.59–0.93 1.2–2.2 2.7–11.1
52 0.3–5.1 0.19–2.85 0.37–0.89 1.0–3.4 1.5–6.0
62 1.0–9.2 0.72–4.10 0.63–0.95 1.1–2.5 1.5–11.9
98 0.9–5.2 1.02–3.46 0.59–0.91 1.2–2.0 5.5–12.1

2.7–4.8 1.16–1.73 0.80–0.90 1.2–1.5 5.4–6.9
0.9–8.9 0.45–4.16 0.39–0.95 1.3–3.1 2.7–10.9
0.1–13.0 0.20–4.25 0.31–1.16 1.1–4.7 5.2–26.8
0.1–4.1 0.19–2.07 0.33–0.81 1.0–1.8 4.1–17.3
0.1–5.7 0.17–4.35 0.35–0.88 1.2–4.0 1.5–18.6

42 0.2–3.8 0.28–2.61 0.47–0.68 1.1–2.2 6.3–25.0
0.9–3.8 1.10–3.25 0.55–0.77 1.5–2.4 6.4–12.8
3.8 3.42 0.79 2.1–2.2 6.5–6.6

54 3.2–14.5 3.11–4.31 0.75–1.23 1.3–3.7 5.4–19.1
0.56 3.6–0.94 1.79–0.65 0.68–0.37 1.8–0.38 9.3–5.9
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Fig. 9. a) Variation of the experimental dilation results with ρK;f ; b) Predictive performance of Eq. (28).
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f cc
f c0

¼ 1þmp1
f � Passive
l;f

f c0

 !mp2

¼ 1þ R1

R2

f FPCl;f

f c0

 !R2

¼ 1þ R1

R2
ρK;f

vsɛc
ɛc0

� �R2

ð33Þ

where R1 and R2 are the terms introduced to calibrate this equation. For
this purpose, the extracted experimental R1 and R2 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 Activecc as a function of f Activel is constant during entire axial load-
ing, f cc significantly varies with f FPCl;f in the case of passive confinement.
Accordingly, calibrating Eq. (33) just based on the failure stage of the
test specimens does not sufficiently reflect the relation of f cc and f FPCl;f .
Therefore, in the present study, considering the variable relation of
f cc and f FPCl;f depending on the level of axial strain, based on the best fit-
ting with the experimental f c vs ɛc curves collected in the test database,
these parameters as a main function of the developed confinement stiff-
ness index (ρK;f ) were determined as,:
a) 
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R1 ¼
23:9ρ0:67K;f

λfcλRf λD
⩽ 4:25 ð34Þ

R2 ¼ 1:85ρ0:26K;f ⩾ 0:3 ð35Þ
in which

λfc ¼ 0:75þ 0:008f c0 f c0 inMPað Þ ð36Þ

λRf ¼ 1þ 0:5Rf ð37Þ

λD ¼ 0:82þ 0:0012D ⩾ 1 D inMPað Þ ð38Þ
where λfc, λRf and λD are the calibration terms introduced to reflect the
influence of f c0, Rf and D in Eq. (34). To highlight the correlations of
Eqs. (34 and 35), the developed R1 and R2 were compared to the
extracted experimental results in Fig. 10. The statistical indicates show
that the proposed equations for these parameters estimate the experi-
mental 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
b) 
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valid for both cases. The incremental calculation procedure based on
the developed model to determine the axial response of FFC/FPC with
ρK;f is as follows:

1- Assume a value of ɛc.
2- Calculate the secant Poisson’s ratio vs as a function of ρK;f (from

Fig. 8 considering Eqs. (26–28)).
3- Calculate the peak axial stress f cc using Eq. (33).
4- Calculate the peak axial stress ɛcc using Eq. (30).
5- Calculate the axial stress f c using Eq. (29).
6- 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), when the maximum
concrete hoop strain along the column height reaches FRP ultimate
hoop strain (ɛh;rup), the confinement provided by the FRP is lost, fol-
lowed by an abrupt column’s load decay. However, in the case of
FPC with a large sf , 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 confine-
ment, does not enhance considerably due to lower concrete expansion.
Accordingly, the failure mechanism can be regarded as that of uncon-
fined concrete. However, by decreasing sf , 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 mecha-
nism of partially confined columns, concrete lateral expansion
increases until hoop rupture of FRP jacket along with concrete crush-
ing simultaneously. The concrete crushing seems to be more probable
in the case of the specimens with larger Rf due to a substantial increase
in ineffective confinement area.

In this study, for the calculation of the ultimate axial strain (ɛcu), 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 (ɛh;max) in FRP jacket reaches FRP hoop rupture strain, ɛh;rup,
the corresponding vs;u depending on ɛcu ¼ ɛcu;r can be determined as:

vs;u ¼ ɛh;max

ɛcu;r
¼ ɛh;rup

ɛcu;r
ð39Þ
0fR 0.13fR 0.3fR

FRP rupture FRP rupture and co

a) b) c) 

Concrete cru
FRP rupture 

Fig. 11. Failure mechanisms of FRP confined concrete based on the experimental s
e) Wang et al. [44].
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By defining ɛh;rup ¼ βɛɛfu and vs;u ¼ αvvs;max, then rearranging Eq.
(39), the normalized ultimate axial strain can be expressed as:

ɛcu;r
ɛc0

¼ ɛh;rup
vs;uɛc0

¼ βɛɛfu
αvvs;maxɛc0

¼ βɛρɛ
αvvs;max

ð40Þ

in which

ρɛ ¼
ɛfu
ɛc0

ð41Þ

where αv is the ratio of vs;u ands vs;max; βɛ introduces the ratio of FRP ulti-
mate hoop strain (ɛh;rup) and FRP ultimate tensile strain (ɛfu). To obtain
the αv, the ratio of vs;u at ɛExpcu;r and vs;max 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 follow-
ing equation was obtained:

αv ¼ 1� 0:85ρK;f ⩾ 0:8 ð42Þ
It should be noted that in Eq. (42), for low level of ρK;f

(ρK;f ⩽ 0:015) (with ɛExpcu;r < ɛc;m), the ascending branch αv versus ρK;f
relation was neglected for the sake of simplification. Then, by using
Eq. (42), βExpɛ was calculated as αvvs;maxɛExpcu;r=ɛfu. Accordingly, the rela-
tion of βɛ with f c0 was determined as follows (Fig. 12b):

βɛ ¼ 1:45f�0:27
c0 ð43Þ

Therefore, with the consideration of vs;max ¼ 0:15= ffiffiffiffiffiffiffiffi
ρK;f

p (Fig. 9a),
replacing Eq. (43) in Eq. (40) leads to:

ɛcu;r
ɛc0

¼ 9:67f�0:27
c0

ffiffiffiffiffiffiffiffi
ρK;f

p
1� 0:85ρK;f

ρɛ ð44Þ

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

ɛcu;r
X

¼
ffiffiffiffiffiffiffiffi
ρK;f

p
1� 0:85ρK;f

≃C1ρ
C2
K;f ð45Þ

in which X ¼ 9:67f�0:27
c0 ɛc0ρɛ, while C1and C2 are the calibration

factors, which were determined equal to 1.83 and 0.61, respectively,
based on the relation of ɛExpcu;r=X with ρK;f as demonstrated in Fig. 13c.
Accordingly, ɛcu;r can be expressed as:

ɛcu;r
ɛc0

¼ 17:7f�0:27
c0 ρ0:61K;f ρɛ ⩾ 1:5 ð46Þ

The lower bound of 1:5 was considered to limit ultimate axial strain
corresponding to unconfined concrete. For the case of FPC, ɛcu;r corre-
sponding to ɛh;rup ¼ kFPCff ɛl;j at the FRP strips can be written as:
6 0.65fR 1fR

ncrete crushing concrete crushing 

d) e) 

shing 
Concrete crushing 

tudies conducted by a) Suon et al. [45]; b) Zeng et al. [43]; c, d) Zeng et al. [5];
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ɛcu;r ¼ ɛl;j
vs;u

¼ ɛh;rup
kFPCff vs;u

ð47Þ

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

ɛcu;r
ɛc0

¼ ɛh;rup
kFPCff vs;uɛc0

¼ βɛρɛ
kFPCff αvvs;max

¼ 17:7
kFPCff

f�0:27
c0 ρ0:61K;f ρɛ ð48Þ

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:

ɛcu;r
ɛc0

¼ 17:7γsf f
�0:27
c0 ρ0:61K;f ρɛ ⩾ 1:5 f c0 inMPað Þ ð49Þ

in which

γsf ¼
γ1
γ2

ð50Þ

γ1 ¼ 70R3
f � 85R2

f þ 33Rf � 2:1 ⩽ 5 ð51Þ

γ2 ¼ 1:85� 0:85
Ld0
D

ð52Þ

where γsf , γ1 and γ2 are the calibration parameters determined based on
regression analyses as shown in Fig. 12d‐e; Rf defines the ratio of the
FRP strip distance (sf ) and the column cross‐section diameter (D) as pre-
sented in Eq. (15). It should be noted that γExp1 and γExp2 were determined

based on Eq. (49), as γExp1 ¼ ɛExpcu;r= 17:7f�0:27
c0 ρ0:61K;f ρɛɛc0

� �
and

γExp2 ¼ 17:7γ1f
�0:27
c0 ρ0:61K;f ρɛɛc0

� �
=ɛExpcu;r , respectively.
11
For the case of FPC with a large Rf , 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 Rf ⩾ 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 Rf , the application of Eq. (49), predicting ultimate
axial strain corresponding to FRP rupture (ɛcu;r), might lead to overes-
timation in terms of deformability, considering the fact that FPC would
behave similar to unconfined concrete. Shayanfar et al. [23] developed
a new methodology to predict ultimate axial strain (ɛcu) of FPC formu-
lating the possibility of concrete crushing failure mode (ɛFPCcu;c), in addi-

tion to FRP rupture (ɛcu;r), leading to ɛcu ¼ min ɛcu;r ; ɛFPCcu;c

� �
. Since all

test specimens of FFC with Rf ⩽ 0:75, available in the test database,
experienced FRP rupture failure mode, the application of ɛcu;r in Eq.
(49) for estimation of ɛcu would be reasonable. However, for the case
of Rf ⩾ 0:75, based on Shayanfar et al. [23], an upper bound needs to
be introduced to restrain ultimate axial strain by considering the pos-
sibility of concrete crushing. Even though the application of FPC with
Rf ⩾ 0:75 is not allowed in the real strengthening cases, in the present
study, ɛcu for Rf ⩾ 0:75 was assumed to be equal to ɛcu;r and 1:5ɛc0 (ul-
timate axial strain of unconfined concrete) corresponding to Rf ¼ 0:75
and Rf ⩾ 1 (considered as unconfined concrete), respectively. Conse-
quently, using a linear function, ɛFPCcu;c can be as determined as:
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ɛFPCcu;c

ɛc0
¼ 1:5þ 4

ɛcu;r
ɛc0

� 1:5
� �

1� Rf
� �

⩾ 1:5 ð53Þ

In Fig. 12f, ultimate axial strains of FPC obtained from the devel-
oped model were compared with those of the experimental studies.
It can be evidenced that the proposed approach is capable of calculat-

ing ɛcu (min ɛcu;r ; ɛFPCcu;c

� �
) with an acceptable agreement with the exper-

imental 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
12
confined concrete columns is presented. As can be seen, the effective-
ness of FRP confining system can be easily determined through follow-
ing 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 cir-
cular concrete with different sf , nf 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 cylindri-
cal 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
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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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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 con-
finement 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 spec-
imens. Supplementary results regarding the validations of the devel-
oped model in simulating axial behavior of FFC and FPC can be
found, respectively, in Figs. B1 and B2 in Appendix B.

Fig. 16 evaluated the predictive performance of the developed con-
finement model, in the estimation of ultimate axial stress and strain
(f Expcu and ɛExpcu ) of FFC and FPC, compared to that of existing models rec-
ommended by fib [25], CNR DT 200/2004 [26] and ACI 440.2R‐17
[27], which can be found in Appendix A.
13
As can be seen, for the case of FFC, the proposed model provided
the most accurate and uniform predictions of f Expcu with the values of
mean, SD (standard deviation) and MAPE (mean absolute percentage
error which is expressed as MAPE ¼ 1=N∑N

1 1� f Anacu =f Expcu

�� �� where N
is the total number of the test data) as 0.99, 0.15 and 0.12, respec-
tively. 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 f Expcu is
virtually identical to CNR DT 200/2004 [26], but with slightly more
SD equal to 0.13.

For the case of ɛExpcu , fib [25] and CNR DT 200/2004 [26] conserva-
tively 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 spec-
imens of FPC are obtained which slightly overwhelm its reliability
evaluation. The predictive performance of Eq. (48) confirmed its reli-
ability 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 devel-
oped 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 Expcu and ɛExpcu ).

8. 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 pro-
posed. To simulate the axial stress versus strain curve, a new strength
model is proposed addressing the relation of axial stress and confine-
14
ment pressure during axial loading, whose calibration was based on
an extensive set of test results. For formulating the influence of con-
crete expansion distribution in the calculation of confinement pres-
sure, Shayanfar et al. [23]’s model is extended to be applicable to
FFC as a function of confinement stiffness, along with some refine-
ments for the case of FPC. In this model, the concrete lateral expansi-
bility was addressed as a main function of confinement stiffness (If )
and also sf =Ld0 for the case of FPC. A new expression is subsequently
developed to estimate ultimate axial strain of FFC/FPC with a combi-
nation of theoretical basis and experimental observations. Lastly, the
predictive performance of the developed confinement model was
assessed through analytically simulating experimental counterparts.
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The comparison between the analytical model and experimental coun-
terparts 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 formula-
tions 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 con-
crete 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 rec-
ommended 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.
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where Ec is the concrete modulus elasticity; ɛh;rup is the effective hoop
strain at FRP rupture; ψ f is the additional reduction factor, equal to
0.95; f l;eff defines the effective confinement pressure of FPC, recom-
mended by

f l;eff ¼ kv;f f l;f ¼
1
2
kv;f ρf Ef ɛh;rup ðA-7Þ

in which

ɛh;rup ¼ βɛɛfu ðA-8Þ

kv;f ¼ 1� sf
2D

� �2
ðA-9Þ

where ρf is the FRP volumetric ratio; Ef is the FRP modulus elasticity;
kv;f is the confinement efficiency factor; βɛ is FRP efficiency factor; and
ɛfu is the ultimate FRP tensile strain.

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. B1 and B2,
respectively.
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Fig. B2. 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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Fig. B2 (continued)
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