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ABSTRACT

Since the 1920s, a significant research effort has been dedicated to the understanding
of the improved compressive behavior of concrete under lateral confinement. Upon
the introduction of fiber-reinforced polymer (FRP) composites to the construction
industry, the use of FRP as confinement material has received much attention. To that
end, a great number of studies have been conducted in the past two decades on the
axial compressive behavior of unconfined, actively confined and FRP-confined
concretes, resulting in the development of over 110 stress-strain models. These
models are classified into four broad categories, namely design-oriented, analysis-
oriented, evolutionary algorithm, and finite element models. In the present study,
existing models in each category were carefully reviewed and assessed using
comprehensive experimental test databases assembled through an extensive review of
the literature. The databases cover more than 7000 test results of unconfined, actively
confined, and FRP-confined concrete specimens from 500 studies. A close
examination of the assessment results has led to a number of important findings on
factors influencing the performances of existing models. For each model category
possible areas for further improvement were identified and new models were
proposed.

First, an empirical model in simple closed-form expressions that are suitable for
engineering design purpose was developed using the database of FRP-confined
concrete. The distinct feature of this design-oriented model includes its applicability
to normal- and high-strength concretes with cross-sections ranging from circular to
rectangular. The model also considers the observed dependency of the hoop rupture
stain of the confining jacket on the material properties of the concrete and FRP. In
addition, a novel concept, referred to as the confinement stiffness threshold condition,
was incorporated into this model to allow for an accurate prediction of post-peak
strain softening behavior of FRP-confined concrete.

Following this, using the combined database, a unified analysis-oriented model that is
capable of predicting the complete stress-strain and dilation behaviors of unconfined,
actively confined, and FRP-confined concretes was developed. It was found that, at a
given axial strain, lateral strains of actively confined and FRP-confined concretes of
the same concrete strength correspond when they are subjected to the same lateral
confining pressure. However, under the same condition, concrete confined by FRP
exhibits a lower strength enhancement compared to that seen in companion actively
confined concrete. On the basis of this observation, a novel approach that incorporates
the confining pressure gradient between the two confinement systems was established
and a unified stress-strain model was developed. Other distinct features of this highly
versatile model are its applicability to concretes ranging from light- to normal-weight
and low- to high-strength. In addition, it is also applicable to specimens with various
sizes and slenderness.



To improve the capability of handling complex databases with a large number of
independent variables, a third category of model that uses evolutionary algorithm and
soft computing techniques was considered. In this study, a genetic programming
approach that is capable of gradually refining the solution while maintaining the
versatility of the model in closed-form expressions was used to develop an
evolutionary algorithm model for FRP-confined concrete.

Lastly, the finite element modeling approach was investigated. A review of the
existing literature revealed that the failure criterion and flow rule considered by
existing FE models for confined concretes are based on limited test results and they
are not very sensitive to the variations in unconfined concrete strength and confining
pressure. Based on the comprehensive experimental databases assembled, a concrete
strength-sensitive finite element model applicable to concrete subjected to various
confining pressure levels was developed.

Comparison with experimental test results show that the predictions of all of the
proposed models are in good agreement with the test results, and the models provide
improved accuracy compared to the existing models. Comparison of models in
different categories indicates that model accuracy generally improves with the size of
database and the complexity of modeling framework; however, the choice of models
depends mainly on the suitability of their end use.



STATEMENT OF ORIGINALITY

I certify that this work contains no material which has been accepted for the award of
any other degree or diploma in my name, in any university or other tertiary institution
and, to the best of my knowledge and belief, contains no material previously
published or written by another person, except where due reference has been made in
the text. In addition, I certify that no part of this work will, in the future, be used in a
submission in my name, for any other degree or diploma in any university or other
tertiary institution without the prior approval of the University of Adelaide and where
applicable, any partner institution responsible for the joint-award of this degree.

I give consent to this copy of my thesis when deposited in the University Library,
being made available for loan and photocopying, subject to the provisions of the
Copyright Act 1968.

The author acknowledges that copyright of published works contained within this
thesis resides with the copyright holder(s) of those works.

I also give permission for the digital version of my thesis to be made available on the
web, via the University’s digital research repository, the Library Search and also
through web search engines, unless permission has been granted by the University to
restrict access for a period of time.

19/05/2015

Signature Date



ACKNOWLEDGEMENTS

Firstly, I would like to acknowledge the support of my supervisors, Dr. Togay
Ozbakkaloglu and Dr. Alex Ching-Tai Ng, for their supervision, support and
encouragement over the course of my PhD candidature. I would particularly like to
thank Dr. Togay Ozbakkaloglu for his continual enthusiasm, vision, and
determination for my research to succeed. I am also grateful to Dr. Alex Ching-Tai
Ng for his constant motivation and scientific insight into my research.

I would also like to take this opportunity to express my gratitude to all academics and
technical staffs who have helped me with this thesis in their fields of expertise. In
particular, I thank Mr. Adam Ryntjes who provided technical assistance throughout
the experimental program and Barbara Brougham who provided technical reviews to
most of the publications presented in this thesis.

I am very grateful to my fellow PhD students Mr. Thomas Vincent, Butje Alfonsius
Louk Fanaggi, Tianyu Xie, Yongjian Chen, and Ms. Yunita Idris for their friendship,
encouragement, and help. Many thanks also to other PhD students in the School of
Civil, Environmental and Mining Engineering who have helped me throughout the
course.

I would also like to thank my wife, Eva Hooi Ying Beh, for her unwavering support
and motivation.

Finally, and most importantly, I thank God, who put me on this journey, which has
been challenging but in the end very rewarding.



INTRODUCTION

An important application of fiber reinforced polymer (FRP) composites is as a
confining material for concrete, in both the seismic retrofit of existing reinforced
concrete columns and in the construction of concrete-filled FRP tubes as earthquake-
resistant columns in new construction. Reliable design of these structural members
necessitates clear understanding and accurate modeling of the stress-strain
relationship of confined concrete.

Research objectives

This research aims to improve the understanding of the compressive behavior of
actively confined and FRP-confined concrete. To this end, three large databases of
experimental test results of unconfined, actively confined, and FRP-confined
specimens, covering more than 7000 test results from 500 studies published between
the 1920s to 2014, were assembled and presented in a series of publications as a
united framework for future reference. The combined database covers specimens
tested under axial compression with unconfined concrete strengths ranging from 6 to
170 MPa. It consists of a wide range of test parameters, thereby allowing detailed
observations of the important factors influencing the unconfined and confined
behaviors of concrete. Gaps identified from the parameters of these databases were
covered through new tests conducted at the University of Adelaide in a series of
experimental programs. A great number of existing models developed for the
predictions of the axial compressive behavior of unconfined, actively confined and
FRP-confined concretes were then carefully reviewed and assessed using the
experimental databases. These models are classified into four broad categories,
namely design-oriented, analysis-oriented, evolutionary algorithm, and finite element
models. A close examination of the assessment results and modeling techniques of
these models has led to a number of important findings on factors influencing the
performances of the existing models, including the size of database, test parameters
considered, ability to handle uncertainties, dependency on theoretical assumptions,
and architecture of their modeling frameworks. Following this, improved models in
each category were developed on the basis of the up-to-date experimental databases.

Thesis overview

This thesis is structured into 14 chapters. Each of these chapters is a manuscript that
had been submitted for publication as a journal article throughout the course of this
study [1-14]. Table 1 outlines the areas focused by each of these manuscripts, the
experimental test databases used, and the parameters investigated. Table 2 outlines the
type of models proposed in these publications, together with their application ranges
and the conditions considered. As summarized in Table 1, the three main databases of
unconfined, actively confined, and FRP-confined concretes were presented in a series
of publications [2, 3, 6, 7, 10] and were used in most of the analyses in this study.
Gaps identified from the parameters of these databases were covered with new tests



presented in another series of publications [4, 5, 8, 9]. In Refs. [1-3, 6, 7, 10, 12, 13],
a great number of existing models developed for unconfined, actively confined, and
FRP-confined concrete were reviewed and their performances were assessed using the
test results of the databases. Based on a close examination of the model performances
and a detailed study of the database results, important parameters affecting the axial
compressive behavior of confined concrete, as outlined in Table 1, have been
investigated in this study. These parameters include:

1.

Hoop rupture strain of FRP jacket — the hoop rupture strain of recorded on FRP
jacket is often lower than the ultimate tensile strain measured from material tests.
In this study, the observed influences of unconfined concrete strength and elastic
modulus of fiber on the reduction in the hoop rupture strain of FRP jackets have
been statistically quantified using the test database results [3] and validated using
independent test results [8].

Confinement threshold — the threshold condition occurs when the amount of FRP
confinement supplied to concrete results in a stress-strain curve that has a
horizontal second branch. An amount of FRP confinement lesser than this
threshold will result in a descending second branch, and vice versa. In this study,
the threshold was observed to increase significantly with an increase in the
unconfined concrete strength. A novel approach has been established to quantify
the threshold condition using the experimental test database results [3].

Cross sectional shape — shape factors are commonly used to account for the
reduction in confinement efficiency of FRP jacket confining concrete in square or
rectangular cross-section. In this study, the shape factors have been related to the
aforementioned threshold condition to distinguish the ascending and descending
types of stress-strain curves of FRP-confined concrete in square and rectangular
sections [6].

Silica fume content — it was observed that the stress-strain relationship, dilation
behavior, and ultimate condition of FRP-confined concrete change with the
presence of and the increase in silica fume content in concrete [4].

Age of concrete — the stress-strain relationship, dilation behavior, and ultimate
condition of FRP-confined concrete was also observed to change with an increase
in concrete age [5].

Specimen size and slenderness — the influence of specimen size and slenderness
at the peak and post-peak conditions of unconfined and confined concretes has
been statistically quantified using the comprehensive experimental databases that
cover various test parameters [10, 11].

Confining pressure gradient — it was observed that, under the same confining
pressure, concrete confined by FRP exhibits a lower strength enhancement
compared to that seen in companion actively confined concrete [9]. To account
for the axial stress difference between FRP-confined and actively confined
concretes, a novel concept has been established to quantify the confining pressure
gradient between the two confinement systems [12].



The four main types of models that have been developed and presented in a series of
publications include the design-oriented model [2, 3, 6], analysis-oriented model [10-
12], evolutionary algorithm model [13], and finite element model [14]. As
summarized in Table 2, each category of these models has its own application
domains. Comparisons with experimental test results show that the predictions of the
proposed models are in good agreement with the test results, and the models provide
improved predictions compared to the existing models reviewed in this study.
Comparison of models in different categories indicates that model accuracy generally
improves with the size of the database they were based on and the complexity of
modeling framework; however, the choice of models depends mainly on the
suitability of their end use.



Table 1. Summary of publications, experimental databases used, and test parameters investigated

Experimental database used/presented

Parameter investigated

Unconfined | Actively FRP- FRP- FRP- New Hoop | Confinement | Cross- | Silica | Ageof | Specimen | Confining
concrete confined | confined | confined confined experimental | rupture threshold | sectional | fume | Concrete | size and pressure
Publication Research area focused concrete | NSCin HSC in concrete in test results | strain of shape | content slenderness | gradient
circular | circular square and reported FRP
Cross- Cross- rectangular jacket
section section | cross-section
Revi f existing FRP-
Ozbakkaloglu et al. [1] eview Ol exIStng - - Used - - - - - - - - - -
confined concrete models
. FRP-confined 1 P ted
Ozbakkaloglu and Lim [2] contned hotma - - reseie - - - Yes - - - - - -
strength concrete and used
. FRP-confined high strength P ted
Lim and Ozbakkaloglu [3] contined ugh streng - - Used Fesente - - Yes Yes - - - - -
concrete and used
Influence of silica fume on
i kkaloglu [4 - - - - - Y - - - Y - - -
Lim and Ozbakkaloglu [4] FRP-confined concrete es es
. Infl f t
Lim and Ozbakkaloglu [5] | o o oncc OF concrete age on ; - Used Used ; Yes Yes ; - - Yes . ;
FRP-confined concrete
FRP-confined concrete in
' Presented
Lim and Ozbakkaloglu [6] square and rectangular - - Used Used and used - Yes Yes Yes - - - -
cross-sections
. Dilation behavior of P ted
Lim and Ozbakkaloglu [7] | — . on benavioro Used FESEeE | Used Used ] ; Yes ; ; ; ; ; ;
confined concrete and used
. Factors infl ing h
Lim and Ozbakkaloglu [8] actors in l.lencmg (?op - - - - - Yes Yes - - - - - -
rupture strain of FRP jacket
Axial stress difference
Lim and Ozbakkaloglu [9] between actively confined - Used Used Used - Yes - - - - - - Yes
and FRP-confined concretes
. Light-weight and I- P ted
Lim and Ozbakkaloglu [10] | ~ 2 "o /8ht and norma resente Used ; - ; ; ; ; ; ; - Yes ;
weight concretes and used
. Si d slend ffect
Lim and Ozbakkaloglu [11] 12 and sienderness etiee Used Used - - - - - - - - - Yes -
on confined concrete
. Unified modeli h
Lim and Ozbakkaloglu [12] Tee modeling approac Used Used Used Used - - Yes - - - - - Yes
of confined concrete
q -
Lim et al. [13] Genetic programming - - Used - - - Yes - - - - - -
approach
. Finite element modeling
Lim et al. [14] Used Used - - - - - - Yes - - Yes -

approach
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Table 2. Summary of types and details of model proposed

Application range of proposed model

Stress-strain curve modeled

. Type of model Light- | Normal- | Normal- High- Circular Square and Peak condition of | Residual condition | Ultimate condition
Publication Confinement : . Shape of . .
proposed pe weight weight strength | strength Cross- rectangular curve actively confined | of actively confined | of FRP-confined
P concrete | concrete | concrete concrete section cross-section concrete concrete concrete
Ozbakkaloglu et al. [1] - - - - - - - - - - - -
Ozbakkaloglu and Lim [2] Design-oriented FRP - Yes Yes - Yes - Ascending - - Yes
. . : Ascending,
Lim and Ozbakkaloglu [3] Design-oriented FRP - Yes Yes Yes Yes - seett 1'ng - - Yes
descending
Lim and Ozbakkaloglu [4] - - - - - - - - - - - -
Lim and Ozbakkaloglu [5] - - - - - - - - - - - -
. . : Ascending,
Lim and Ozbakkaloglu [6] Design-oriented FRP - Yes Yes Yes Yes Yes Seet lTlg - - Yes
descending
Lim and Ozbakkaloglu [7] Analysis-oriented | Active, FRP - Yes Yes Yes Yes - - - - -
Lim and Ozbakkaloglu [8] - - - - - - - - - - - -
Lim and Ozbakkaloglu [9] - - - - - - - - - - - -
. L . Ascending,
Lim and Ozbakkaloglu [10] Analysis-oriented Active Yes Yes Yes Yes Yes - Seet mg Yes Yes -
descending
Lim and Ozbakkaloglu [11] Analysis-oriented Active Yes Yes Yes Yes Yes - Descending Yes Yes -
. . . Ascending,
Lim and Ozbakkaloglu [12] Analysis-oriented | Active, FRP - Yes Yes Yes Yes - seett 1.ng Yes Yes Yes
descending
Lim et al. [13] Soft computing FRP - Yes Yes - Yes - Ascending - - Yes
) . Biaxial, Ascending,
Lim et al. [14] Finite element 1?1x1?1 - Yes Yes Yes Yes Yes seen 1.ng Yes Yes -
Triaxial descending
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FRP-CONFINED CONCRETE IN CIRCULAR SECTIONS: REVIEW AND
ASSESMENT OF STRESS-STRAIN MODELS

Togay Ozbakkaloglu, Jian C. Lim and, Thomas Vincent

ABSTRACT

An important application of FRP composites is as a confining material for concrete, in both
the seismic retrofit of existing reinforced concrete columns and in the construction of
concrete-filled FRP tubes as earthquake-resistant columns in new construction. Reliable
design of these structural members necessitates clear understanding and accurate modeling of
the stress-strain behavior of FRP-confined concrete. To that end, a great number of studies
have been conducted in the past two decades, which has led to the development of a large
number of models to predict the stress-strain behavior of FRP-confined concrete under axial
compression. This paper presents a comprehensive review of 88 models developed to predict
the axial stress-strain behavior of FRP-confined concrete in circular sections. Each of the
reviewed models and their theoretical bases are summarized and the models are classified
into two broad categories, namely design-oriented and analysis-oriented models. This review
summarizes the current published literature until the end of 2011, and presents a unified
framework for future reference. To provide a comprehensive assessment of the performances
of the reviewed models, a large and reliable test database containing the test results of 730
FRP-confined concrete cylinders tested under monotonic axial compression is first
established. The performance of each existing stress-strain model is then assessed using this
database, and the results of this assessment are presented through selected statistical
indicators. In the final part of the paper, a critical discussion is presented on the important
factors that influenced the overall performances of the models. A close examination of results
of the model assessment has led to a number of important conclusions on the strengths and
weaknesses of the existing stress—strain models, which are clearly summarized. Based on
these observations, a number of recommendations regarding future research directions are
also outlined.

KEYWORDS: Concrete; Fiber reinforced polymer; Confinement; Axial stress; Axial strain;
Stress-strain models; Strength models.
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1. INTRODUCTION

It is now clearly understood that lateral confinement of concrete can enhance its strength and
ductility significantly. Upon the introduction of fiber-reinforced polymer (FRP) composites
to the construction industry, the use of FRP as confinement material has received much
attention. Over the last two decades, a great number of experimental and analytical studies
have been conducted to understand and model the compressive behavior of FRP-confined
concrete. These studies have lead to the development of 88 axial stress-axial strain models,
which are referred to herein as stress-strain models.

Early models proposed for FRP-confined concrete [1-3] directly adopted the stress-strain
models developed for actively confined or steel-confined concrete (e.g. [4-6]). The
disadvantages of this approach became obvious in following studies, when differences in the
stress-strain behavior of FRP-confined and steel-confined concrete were recognized and
reported by a number of research groups [7-11]. Subsequent research efforts have led to the
development of a large number of analytical stress-strain models that are specific for FRP-
confined concrete. However, many of these models

were based on limited experimental test data, which were often obtained only from the tests
performed by the originators of the model. As have previously been illustrated in Lam and
Teng [12], De Lorenzis and Tepfers [13] and Bisby et al. [14], performances of these models
degrade considerably when the models are assessed against larger databases covering wider
parametric ranges. Given the magnitude of research conducted on FRP-confined concrete in
the past two decades, a comprehensive review of the literature, where existing models are
categorized into groups based on their similarities and differences, has become essential to
gain a clearer view of the existing research efforts within the field. Furthermore, the
development of a unified approach for the analysis and design of FRP-confined concrete
columns necessitates a systematic assessment of these models to establish their strengths and
weaknesses.

This paper is aimed at providing an all-encompassing review and assessment of the existing
models that have been proposed to predict the compressive behavior of FRP-confined
concrete in circular sections. To this end, a total of 88 models are first reviewed and classified
into sub categories. The performance of these models is then assessed using a reliable test
database that was carefully assembled by the authors through an extensive review of the
literature that covered 2038 test results from 202 experimental studies published between
1991 and the end of 2011. In the final part of the paper, a critical discussion is presented on
the important factors that influence the overall performance of the models.

2. MECHANISM OF CONFINEMENT

In FRP-confined circular concrete sections, the lateral confining pressure (f;) provided by the
FRP shell can be assumed to be uniformly distributed around the circumference (Figure 1).
The confinement action exerted by the FRP shell on the concrete core is of the passive type;
that is, this pressure arises as a result of the lateral expansion of concrete under axial
compression. As the FRP shell is subjected to tension along its hoop direction, the confining
pressure (f;) increases proportionally with the lateral expansion until the eventual failure of

18



the system when the FRP shell ruptures. Based on the deformation compatibility between the
confining shell and the concrete surface, the lateral confining pressure applied to concrete by
the FRP shell at ultimate (f;,) can be theoretically calculated from Eq. 1 as a function of the
ultimate tensile strain of fibers (¢). However, it has been reported in a number of previous
studies that the ultimate strain measured on the FRP shell at the time of FRP hoop rupture
(&n,rup) 1s lower than the ultimate tensile strain of the fibers (¢/) or FRP material (g4,) [12, 13,
15-21]. To establish the relationship between the hoop rupture strain of the FRP shell (e5,.,)
to the ultimate tensile strain of the material (¢y), a strain reduction factor (k) was introduced
by Pessiki et al. [15] (Eq. 2). Lam and Teng [12] then defined a term actual confining
pressure (fi,.) (Eq. 3), by replacing material ultimate tensile strain (&) with the hoop rupture
strain of the FRP shell (&3,.,) in Eq. 1.

fe
RIZREEER
4 F
Ji - : P
I PR O
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fe— p —>
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Figure 1. Confining action of FRP shell on concrete core: (a) FRP shell; (b) Concrete core
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gh,rup = ksgf (2)
2E t g,

lu,a = ! Z) hrp (3)

Throughout this paper a clear distinction is made between the nominal confinement ratio
(fu/f'co) and the actual confinement ratio (fy,./f'c0), as illustrated in the expressions given in
Tables 1 and 2. Furthermore, information regarding the consideration of the strain reduction
factor by each model is provided in the final columns of Tables 1 and 2. In these columns,
‘Yes’ indicates that the model employed the strain reduction factor (k.) or it called for the
experimentally recorded hoop rupture strain (ej,.,) data to establish the actual confining
pressures (f1,4), Whereas ‘No’ indicates that strain reduction factor (k;) was not taken into
consideration and the model directly employed the ultimate tensile strain of fibers (&) or FRP
composites (&5,,) to determine the lateral confining pressures (f1,).
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Table 1. Summary of existing design-oriented models of FRP-confined concrete

Consideration

Consideration of

‘ . . Type | of strengthand | Ultimate condition expressions FRP hoop strain
Year | Model Axial stress-strain curve expression of strain )
reduction by the
curve | enhancements at i model
first peak Strength Strain
1982 Fardlls.and f = E.£, I N/A Adopted from Richart et al. [4] e =0.002 +0.001 Et No
Khalili [1] Je E 1 cu . . D’
l+¢& ( < —] Je Ju Je
e e =144
-f‘[ll 8(‘1,{ f(‘j’o f;’O
Adopted from Newman and Newman [109]
, 0.86
f—“f =1+ 3.7(@}
Jeo Jeo
1991 | Ahmad et al. Modified from Sargin [51] (Eq . 10) as I N/A N/A N/A N/A
(2] :
g(‘o,i gca,i ’
Je= 7 e
1+(4, —2)[ Z: ]+D{ Fe J
gco,[ gco,[
£, =0.0016481.65x10°(/")
1994 | Demers and A bi-linear curve with the first linear line terminating at /', and II No N/A N/A N/A
Neale [36] &0, followed by the second branch defined by the below
expression
E t
o= oo 2
Jeo
1994 | Saadatmanesh | Popovics [34] (Eq . 17), with ultimate condition of FRP-confined | I N/A Mander et al. [6] Richart et al. [4] No
et al. [3] concrete assumed to correspond to the peak condition of actively- 7 f 7!
confined concrete Je=Tta 2-254, 14+7.94=0 - 2L —1.254 Eo =&, 1+5 -1
f;'() f(‘,’[) f‘CO
1996 | Mirmiran N/A N/A | N/A £l = f! +4.269 ( f, )0»587 N/A No
[1 13] cc co u
1997 | Karbhari and A 2E, 1, 11 Yes . 2E 1, 0.0 i No
=1 +4lfly | L2 L= 430y | 2 £, =¢&,+0.01 =~
GaO [39] -f;l f‘co f‘co c DE,( fcc fca .fca c DE( .flu c f;yn
fc,l 087
Ea = Tar fl=f 1+2.1{]{’7J
1997 | Miyauchi et al. | Hognestad’s Parabola [40] (Eq. 4) for the first branch, followed Illa No fl=fl +k,4.1f, if f! <50MPa i 0.373 No
[9] by a straight line that extends until the ultimate condition k=085 &, =&, 1+10 6(f—"jJ for
el — V- 0
S =30MPa
0.525
£, = &, 1+ 10.5(@} for f,, =50MPa
xf‘CU
1998 | Jolly and IIa No N/A No

Lillistone [42]

’ 2
5 :0'67&{2(552‘[&j }E 0z, 20002
Vo . .

fo=067l0 4 g o if0.002<6, <6,
Vm

! 2t \ E, &
.f;: — 1 + 3594{ fip J( /)17/ lu ]
fCO D f‘co

2, \E,
g, =0.0117+ 0.0321{5’”}!”

c
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1998 | Kono et al. N/A N/A | N/A 7 4, c 4, No
61 < =1+0.028 — |, “=1+0.140 — |1,
[61] Iz D - D V7
if 30 < f! <40MPa , if 30 < f! <40MPa ,
220 < E, <350 GPa ,and 220 < E, <350GPa ,and
1280 < f, <3820 MPa for CFRP sheets 1280 < f, <3820 MPa for CFRP sheets
1998 | Samaanetal. | Modified from Richard and Abbott [44] (Eq. 7) b | Yes fo=rr+6.0(f,) . fL—=1, No
(8] f,=0.872f" +0371f, +6.258 n=L5 “ E,
E, =3950 /f.
E . t,
E,, = 245.61f) " +1.3456 [’;”J
1999 | Miyauchi et al. | Stress-stain curve exhibiting strain-hardening behavior: ITa Yes foo=fl +2098 f, Ew =€ T € (15 .87 -0.093 fL;) No
[41] Hognestad’s Parabola [40] (Eq. 4) for the first branch, until the (0.246+0.0064/", )
transition strain at ¢, followed by the ascending second straight % &
line defined by the below expression S
. 2
fc:fc'c—/l(gm—é‘c)lfeclﬁgcsgw e =& _Ae,
’ c,A co 2f~cy0
[-2reu e ) arlie, -2 0 e+ S0 )|
A= >
gCO
Stress-strain curve exhibiting strain-softening behavior:
Hognestad’s Parabola [40] (Eq. 4) for the first branch, until the
unconfined concrete peak strain at ¢, followed by the
descending second straight line defined by the below expression
f» = f’ + (gC _gco)(f‘cc _f;0) lf gco < gc < gcu
‘ “ (gcu - gCO
1999 | Saafietal. [10] | Modified from Sargin [51] (Eq. 10) into Eq. 11, with: IIIc Yes fL=fl +kf, 7! No
I t, E 0847) ~0.16 Eo = E,| 1k | 771
r_ g Sip = fip £ _ ' 1
Sa =S, 1+0.0213 p k=22 I for FRP tube-encased concrete co
I Df | " k, =537¢, +2.6
B 0.84 ]
t, E
£a =6, 1+ 0.0783{“’,“’}
D co
L I
E, =10200 (1", ) E!, =0272| 2«
gCO
1999 | Spoelstra and N/A N/A | N/A f 0.5 EY S 05 No
Monti [11] fl=f102 +3[17J E,=E., 2+1.25[ jJ[’,”J &y
‘approximate’ Jeo Jeo NS oo
1999 | Toutanji [52] Modified from Sargin [51] (Eq. 10) into Eq. 11, with: IIIc Yes /. c’c = fc; +k f, 1! No
085 -0.15 S =& 1+k2[ C'C _lj
f=f [1 + 0.0178(E,’J ] k, :3.5[f,,, j for FRP-wrapped concrete Jeo
Jeo 7, k, =310.57¢, +1.9
E 0.85
&,=¢&,1+ 0.0448(fJ
fC(l
1 '
E(rl = 10200 (f'co )3 E:Z = 03075 (f‘coJ
800
2000 | Jolly and Same as Jolly and Lillistone [42] Ila No 7 N/A No

Lillistone [43]

E, =1282E, for E, >1000

© = 0.83+ o.os(EfJ
Jeo Jeo
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2000 | Thériault and N/A N/A | N/A £ N/A No
Neale [114] Sh=fr11+2= Iz
2000 | Xiao and Wu A bi-lin.ear curve wiFh the first linear line defined by the below II Yes fe _ L1+ k Jua for CFRP-wrapped concrete o = Ehmw + €, for CFRP-wrapped concrete Yes, experimentally
[16] expression and terminating at 1.1 f 7 ) y cu P determined value of
fEe +2v. T e k, = 0.5 for CFRP
foar0r{ 5) 2]
followed by the second straight line defined by the below o & = _06?0005
expression that terminates at ultimate condition ?
/. C=1.1+k, /. !
fCO fCG
2001 | LinandChen[111] | N/A N/A | N/A fo=fl +2fu N/A No
2002 | Ilki etal. [100] | N/A N/A | N/A £ 7, 0735 No
<« =1+2.227 S 141515 Ju
f;‘n 4fco gco f;‘,o
for CFRP-wrapped concrete for CFRP-wrapped concrete
2002 | Lam and Teng | N/A N/A | N/A 1! £ N/A No
cc __ 1 + 2 u
[115] oo S
2002 | Moran and Adopted the analysis-oriented model by Moran and Pantelides IIb Yes f Ju /i No
Pantelides [78] | [45 =1tk P
an e ! es [ ] [ ] ﬁ() f;() 86‘0 co
average k, ~ 4.14 for bonded FRP shell
average k, ~ 2.33 for unbonded FRP shell E,
9.27x10" { J Fooblu “pr”
/utu ~ 4 635[ J
2002 | Shehata et al. N/A N/A | N/A fi 142 Ju 7. fc No
[116] 7! £ “=1+632
co co gco f
2003 | De Lorenzis N/A N/A | N/A Nominated the ultimate strength expressions by Samaan et al. e N No
and Tepfers [8], Toutanji [52], and Spoelstra and Monti (‘approximate’ =1+ 26.2(@‘) E™
[52] model) [11]. Eeo Jeo
for FRP-wrapped concrete
0.68
Za — 14 26.2( f’j‘ J EY
gCO f;o
for FRP tube-encased concrete
2003 | Lam and Teng | Modified from Richard and Abbott [44] (Eq. 7) 1IIb Yes 1! f e f e 045 Yes, experimentally
©<o= 1 + 3 3 w4 Ceu _ lu,a h,rup R
[12] ( ~E,) . = 1.75+12( ; j[] determined values
fo=Eae - Ea—Ea) prifoss <s, S S Eeo Joo N o of k, = 0.586 for
, i‘f g . for FRP-wrapped concrete CFRP, 0.788 for
.fo :fco f‘c :.fco+E626 lfg <g <gcu & f 045 HM CFRP, 0.851
2 p _Jeth Za 1754553 S ]{ f*pj for AFRP, and
€ = W 2= €eo Joo N e 0.624 for GFRP
o e “ for CFRP-wrapped concrete
2003 | Lietal. [35] Stress-strain curve exhibiting strain-hardening behavior: I N/A Stress-strain curve exhibiting strain-hardening Yes, k, was defined

Modified from Hognestad’s Parabola [40]

2
](c = ,fc,clz( i j_(er ] lfO < &, < Eee
gCM 88"

Stress-strain curve exhibiting strain-softening behavior:
the stress-strain curve as defined above followed by a descending
line defined by the below expression

f f +Edes(c_gcc)ifgccsgcsgu

fc'c = f('o + f,u’a tan2(45° + gj
¢ =36°+1°(f”j <45°
35

for CFRP-confined concrete

behavior:

&, =¢&.,|1+2.24 tan 2(45O + ¢j S
2) feo

for CFRP-confined concrete

Stress-strain curve exhibiting strain-softening
behavior:

£, =€, + 2}; «_ for CFRP-confined concrete

des

as thickness
reduction factor of
CFRP
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2003 | Xiao and Wu Modified from Richard and Abbott [44] (Eq. 7) 1IIb Yes Similar to Xiao and Wu [16] with Similar to Xiao and Wu [16] with Yes, experimentally
54 - 1 = L4 09 determined value of
[ ] Ecl_473 f;-o L Ecz ' k1E1:utu kl :41_045 E‘I2 ﬂmzl{Efj k6205~08 for
f,=0+48x107E) f,  n=2 f, Jeo CFRP and GFRP
e, = —0.00047
2004 | Ilki et al. [53] Richard and Abbott [44] (Eq. 7) IIb No 7 f 12 . f 05 Yes, experimentally
< = 1+2.4(’“;“J for CFRP-wrapped concrete @ =1+ 20{’“"“} for CFRP-wrapped determined value of
Jeo Eoo k. = 0.7 for CFRP
concrete
2005 | Bisby et al. N/A N/A | N/A No
[14] fc’c = fc:) [l + 2425 :;:h,‘j gcu = gco + kZ(;li‘ j
1 0911 k, =0.0240 for CFRP-confinement
Je= S 1+2.217) 0 k, =0.0137 forG
cc co 1! , =0. or GFRP-confinement
1= 1 +3.587 f 0.840 k, =0.0536 for AFRP-confinement
cc co . Iu
2005 | Mandal et al. N/A N/A | N/A £ f 2 ! e f 2 f No
[117] f”f' =0.0017 {E, flj’ j +0.0232 (E, f"j J +1 % = 0.0136(E1 f’i‘ j + 0.0842[E, fh: j+l
co co co gCO co co
2005 | Saiidi et al. A bi-linear curve with the first linear line terminating at the first I Yes fl=fr+62f,." Eprup Yes, recommended
[56] peak stress defined by the below expressions “ “ e Co = 7 value of £, = 0.5 for
2E t, for CFRP-confined concrete 0.1-0.25 ln(‘ o ) CFRP
fl=f+ o,oogT g, =0.002
followed by the second straight line that extends until the ultimate for CFRP-confined concrete
condition
2006 | Berthet et al. Modified from Sargin [51] (Eq. 10) into Eq. 11, with: IIIc Yes fr=f+kfi. Ehrp ~ Ve€oo Yes
[55] E +(1-v,)E, o i
E, =E, ! k, =3.45 if 20MPa < f! <50MPa Hu
E +(-v,-2v ) ! 0 P
fh= 1l =Eplen, — 1) k= 9~51 if 50 MPa < f! < 200 MPa p _1(15,}3
c cc h,ry, '\~ tu ,2
E,, =2.73E,-163 &, =0.002 () 27
801 — gw 6']1 - chco
/’ltu
2006 | Guralnick and | N/A N/A | N/A 1 £ . N/A Yes
Gunawan « _14 2.2[ lu.a j ‘empirical model’
[102] fco co
, 0.5
._;:c’c 0616+ f}”;“ + 157( -flu’,a + 006) ‘analytical model’
for 20 .7MPa < f! < 55.1MPa
2006 | Jiang and Teng | Same as Lam and Teng [12] Ib Yes 7! E & 08 145 Yes, recommended
[46] G =1+3.5 W—O-Ol Tp %:1‘65%,5( E, ] (‘9’”@} values of k, = 0.5
« Coe “ € (f "ol 500) € for CFRP, 0.7 for
it E GFRP
( )z 0.01-
f’CO /gCD
<=1 oL <0.01
f;’() (.f'C{) /gL‘()
2006 | Matthys et al. Hognestad’s Parabola [40] (Eq. 4) for first branch, followed by IIa No 0.85 Same as Toutanji [52] Yes, recommended
. /)
[118] the proposed strength expression flL=f'11+3.5 ’“,"’ value of &k, = 0.6 for
Seo CFRP and GFRP
2006 | Tamuzs et al. N/A N/A | N/A S Sua Enrp ~Vebeo Yes, experimentally
[79, 80] Iz =1+42 12 Eoa T P determined value of

k.=0.6 for CFRP
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[105]

2006 | Wuetal. [S9] | N/A N/A | N/A Stress-strain curve exhibiting strain-hardening behavior: Stress-strain curve exhibiting strain-hardening No
' behavior:
f—‘f:0.745+3.357f—’j‘—1.05 f’“j or Jee =1+2. Of’” £,
.fcu .fcu f‘co ﬁo fcn gcu =L
for common CFRP wraps with coupon test properties Hen 066
with ''20.1 ‘
ﬁl{ /.f;'o O 3 /’lsu = 0 56k f;u
' oo f feo
Jos :1.0+2.755f’" -0.6 Ju Or = =142 40
4 " 1 1 f for CFRP-wrapped concrete
for high modulus CFRP wraps with coupon test ky=1if g s < 250GPa
properties with 7, / 1" 20.131/250/E» k= 250 if E,, >250GPa
Z .
f n fu CL‘ fu o
f —1316+2098 ] -0.31 ! =1+2. Sfl WhereEf-,pisinGPaunit
co L() L() co -0.35
for FRP tubes with coupon test propertles with My, =0.3 3[fh’4j
f}u /.f;’:) Z 01 f‘co
, 2 ' for CFRP and GFRP tube-encased concrete
f—”j’ =0.408+ 6.157f—’j’ —3.25(‘](’:‘} or f—‘,‘ =1+3.0 flj‘
Jeo e Jeo Jeo oo Stress-strain curve exhibiting strain-softening
for FRP wraps with manufacturer specified properties behavior:
o _ S where =
Stress-strain curve exhibiting strain-softening behavior: e 1.3+6.3 ' £ = 0-0038
f;':‘ =0.75+2.5 f—“,‘
fC‘O co
2007 | Al-Tersawy et | N/A N/A | N/A r f 081 f Yes
al. [119] = =1+1.96[ ’“;“J Fa 148, 16( ’J
f;’() f‘L‘() gl‘() f‘L‘()
2007 | Ciupala et al. N/A N/A | N/A 7 2f, 08 , % No
[101] 7 =1+1,7( - ] gw=1+6.7(fw_1)
« Jeo £ Jeo
for CFRP- and GFRP-confined concrete for CFRP- and GFRP-confined concrete
2007 | Shehataetal. | N/A N/A | N/A fr 1424 S Same as Shehata et al. [116] No
[110] f £l
2 T A A A ' r A N
007 KZE::ET? ;(()i] N N N fo = 0.598 fcif’ for FRP-confined concrete N ©
Je 10. 59L +1.10+2 f for actively confined concrete
f;’() co co
2007 | Vintzileou and | N/A N/A | N/A , Srua 1 2 N/A
Panagiotidou Jeo = foo| 1+ 2.8 I € =V s 0'003(;’6}

Y iy =1.15 for CFRP-confined concrete
Yy = 1.95 for CFRP-confined concrete




2007 | Yan and Stress-strain curve exhibiting strain-hardening behavior: IIb Yes Stress-strain curve exhibiting strain-hardening behavior: Stress-strain curve exhibiting strain-hardening Yes
Pantelides [47] | Richard and Abbott [44] (Eq. 7) with 1! 7 7, behavior:
2 =4721 [4.193 5 +1 -2 4322 '
Ecl = 5500 fc’a f‘c’l :ﬂ 801 = 0,004 f(’o fc’o + fc’n e — fcc (1 + zﬂlglr,rup )
1+2p¢, y “ E,
if L,a >0.2 08
Stress-strain curve exhibiting strain-softening behavior: co B = 19{1(’“’”
. . Jeo
Same as the above except Richard and Abbott [44] expression Stress-strain curve exhibiting strain-softening behavior:
was modified for descending second branch with Sa —0.0768In! Jiva +1.122 Stress-strain curve exhibiting strain-softening
E f c:z — c"l f C’c c,o c’o behavior:
== - &, =—<— ,
« gcu _gcl “ Ecl_ﬂlfcre lf -ﬁu,a <02 :M
fo = fc; - Eczgcu c’u . h El'l
LC,‘ = max {fcf,l} if —flu"” <0.2
fC() cu co
2007 | Youssef et al. 1 (e m-1 " IIla Yes , ; % No
[27] f.=E.é&, 1—m[‘9l] Ho<e <&, f‘f:1+2.2 flfj £, =0.003368 +0.2590 [&J[ S J
el co co fco Eﬁ‘p
m= Ez'gcl
Evgcl - fc’l
fo=1h +E22(56 _gcl) ife >e,
3
Layy 3(4tf’ i T
Jeo bf.,
6 .
4t , E, &, )7 2
£,, =0.002748 +0.1 169( it Akl ] S
fca Eﬁp
g, =0.002
2008 | Binici [60] A bi-linear curve with the first straight line terminating at /., and | 1I No Stress-strain curve exhibiting strain-hardening behavior: Adopted from Lam and Teng [12] Yes
&0, followed by the second straight line that extends until the I f 017 ; e f g, 045
ultimate condition e 14262 _014 if | Jwa |5 014 cu:1_75+12[ /u;a j(w)
fci) ﬂz) fc'o gCU f;'o gL'O
Stress-strain curve exhibiting strain-softening behavior:
, 0.3
fv;‘ = 18[f1j if {f”’;” ] <0.14
f;‘() »f;'() J co
2009 | Al-Salloum N/A N/A | N/A f £ N/A No
iddiqui € =1+2312-%
and Siddiqui 7 Iz
[121] co co
2009 | Girgin et al. N/A N/A | N/A , [ / N/A N/A
[10%3 fcc :flu + fcaz +k5fcoflu
ko =2.9if f/ =7 to 18 MPa
ky =6.34 -0.076 f', if f! =20 to 82 MPa
ks =0.1if £ =82 to 108MPa
2009 | Teng et al. [48] | Same as Lam and Teng [12] for the first branch IIIb Yes Same as Jiang and Teng [46] Yes

Modified from Lam and Teng [12] for the second branch as

f‘c = f'co+Er280 lf L 2 001 and gcl < g(‘ S gru
(f'co /gco)
fompo-Le e e
cu _gcn
if (fv /l )< 0.01 and €q <&, < €
co gco
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2009 | Wuand Wang | N/A N/A | N/A 7 f 0.96 N/A No
[63] “ =1+ 2.23( i j
fL‘() -f;'U
2009 | Wuetal. [57] Modified from Richard and Abbott [44] (Eq. 7) with 1IIb Yes 7 f £ f No
; c 1432 L Za = 149.5) L
E, =3320 \/f. + 6900 (ACI363R-84[122]) 1 f £, feo
Eo fi—f n=25 for AFRP-confined concrete for AFRP-confined concrete
2 gcu
f,=0.872 f! +0.371 f,, +6.258
2010 | Benzaid et al. N/A N/A N/A ! Yes, k=0.73for
[123] ARSI Co _ g6 T Yes &
fC’U fC;) ECO C;)
2010 | Fahmy and Wu | Expression modified from Lam and Teng [12] with IIIb Yes =10tk S e = S S No
49 — vom 3 cu
[49] E.,=m, (245 617" " +0.6728 Ez) modified from k, = 4.5flu—03 if f'cu < 40MPa E,
Samaan et al. [8] with 03 .o g
m, =0.5, m, =0.83 if f'cu < 40 MPa k1 :3.75f1u 1ffco>40MPa
m,=02,m, =173 if f', >40MPa
2010 | Mohamed and | N/A N/A N/A f 07 N/A Yes, recommended
Masmoudi = 0.7+2.7[ }”;”J value of k, = 0.55
[103] o
for FRP tube-encased concrete with 25 < /' < 60MPa
2010 | Wuand Wang | Same as Wu et al. [57] IIIb Yes 7 7, Same as Wu et al. [57] No
[58] fC,C =1+34 711’4 for AFRP-confined concrete
2010 | Wuand Zhou | N/A N/A | N/A o 167 ) £, N/A No.
[124] e oSy N 18T S N Su oy
f ci) f L':) f cz) . 16 7 f ci)
2011 | Cevik [125] N/A N/A | N/A ! f 13 N/A No
fe= (1) + ()] +21n(7,, ) - 13.65(’?) +( 7 j
j‘(‘() f(.‘()
S =-93.53+2.44(f, ) +40.111n( f;;)—27.o3Uj'; }
2011 | Park et al. N/A N/A | NA f fu N/A No
2011 | Realfonso and | N/A N/A | N/A 1! f, 086 N/A Yes
Napoli [127 =1+ 3.49( s J
poli [127] 1 Iz
fcf =1+ 3.57(f1“;“ j
2011 | Wang and Wu f, N/A | Yes 7, N/A No
[128] 1.2+3.85- | f" 1.0+554=1 |
’ fCD ro_ fL‘()
fa= @ -D) Se H-D f
1+ M7 1+ (1—1.49 l?]
545 353 oo
2011 | Yu and Teng Same as Lam and Teng [12] Ib Yes ' ' s E " s Yes
[120] fm £ 3SE\1-6522 k., e, =0.0033+0.6(}pr (£,)"

for FRP tube-encased concrete

co

for FRP tube-encased concrete
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Table 2. Summary of existing analysis-oriented models of FRP-confined concrete

. . . . i Consideration of Consideration of
Year | Model ztlrre\:/ses—stram equation of the base Peak point expressions for the base curves ];:lizssr;(m concrete dilation FRP hoop strain
Stress Strain P behavior in model reduction in model
1997 | Mirmiran and Shahawy Popovics [34] (Eq. 17) Mander et al. [6] (Eq. 19) Richart et al. [4] (Eq. 20) ‘ P -y e )’ Explicitly derived from | N/A
[107, 130] v, —2\/{ s ]+ L [m]L < J FRP-confined concrete
_ Sw lut,max - :ut,usym gco test results
M, = 2
1_2( 5C J+ ;ut,max _Vc (gc J
gco qu,max - lul,asym gco
El
Uy = —0.7611 In| —— |+ 4.0167
El
Hyagym = —0.1375 In| —— |+ 0.8646
1999 | Spoelstra and Monti [11] | Popovics [34] (Eq. 17) with Mander et al. [6] (Eq. 19) Richart et al. [4] (Eq. 20) | Modified from Pantazopoulou and Mills [108] Implicitly adopted No
‘exact’ E. =5700 [/’ Ee —f from an actively
¢ “ & = % confined concrete
5700af“ model
a = ——==-500
2001 | Fam and Rizkalla [67] Popovics [34] (Eq. 17) with Mander et al. [6] (Eq. 19) Richart et al. [4] (Eq. 20) Developed based on the results reported in Gardner [131] from Implicitly derived from | No
E. =5000 /1, triaxial concrete tests of concrete actively confined
f . concrete test results
£ [1.914 Ly 0.719]L’+1
VL‘ co ECU
2002 | Chun and Park [68] Popovics [34] (Eq. 17) Mander et al. [6] (Eq. 19) Richart et al. [4] (Eq. 20) Adopted from Elwi and Murray [75] Implicitly adopted No
2 3 from an actively
u, = vcll.O + 1.3763( i ]+ 5.36( i J + 8.586[ i J } confined concrete
£, £, £, model
if ﬂS S/Llslt
u. = _0.230511{1{1:«) +0.087 for CFRP-wrapped concrete
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Marques et al. [69]
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3. STRESS-STRAIN MODELS FOR FRP-CONFINED CONCRETE

A comprehensive review of the existing literature has revealed 88 stress-strain models
developed for FRP-confined concrete in circular sections. The majority of the existing
models can be classified into two broad categories using the category names previously
suggested by Teng and Lam [12], namely the design-oriented and analysis-oriented models.
Of the reviewed models, 59 fell into the design-oriented model category, and the details of
these models are presented in Table 1. Most of these models consist of closed-form equations
that were developed through regression analyses and were calibrated from axial compression
test results of FRP-confined concrete. Therefore, the accuracy of these models depends
greatly on the size and reliability of the test database as well as the parametric range of the
test data used in the model development. The remaining 29 models consist of 13 models
classified as analysis-oriented models, with their details summarized in Table 2, and 16
models classified as models based on other approaches as discussed in Section 3.3. Most of
the analysis-oriented models capture the interaction between the FRP confining device and
concrete core through force equilibrium and strain compatibility of each element as defined
by Eq. 1 or Eq. 3 and illustrated in Figure 1.

In the following sections, the existing models of FRP-confined concrete are categorized and
reviewed and their theoretical bases are discussed. Although this paper is concerned with the
models developed for FRP-confined concrete, throughout the paper constant references have
been made to the models developed for actively confined and steel-confined concrete due to
the intimate connections that exist between the latter and former and the vital role the latter
played in the development of the former. It should be noted that all of the expressions given
in this paper are in SI units. This review is limited to models or parts of models that are
developed for FRP-confined concrete in circular sections. The effect of specimen size on the
stress-strain response is recognized by a few studies (e.g. [22-24]), this review includes all
existing models independent of application to specimen size. Some models may consist of
features making them applicable to non-circular sections (e.g. [25-27]), cyclically loaded
specimens (e.g. [28-30]) or sections with internal steel-reinforcement (e.g.[31-33]). Such
integrated features are beyond the scope of the review reported herein.

3.1 Design-oriented models

3.1.1 Types of stress-strain curves used by design-oriented models

The progression of research on FRP-confined concrete has seen a large quantity and wide
variety of proposed axial stress-strain relationships. In this paper, the design-oriented models
are classified into three broad categories based on the geometric form of the curves (i.e.
parabolic, bilinear, or combination of both) they proposed, namely as Type I, II and III.
Models based on Type III curves are then further divided into three sub-categories according
to the approach they adopted in the development of their proposed curves, namely as Type
[ITa, IIb and IIc. The important aspects of these curves are discussed in this section.

3.1.1.1 Type I curves

In early studies of FRP-confinement, the models developed for actively confined or steel-
confined concrete [5, 34] were applied to describe the stress-strain behavior of FRP-confined
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concrete (e.g. [1-3, 35]). Hence, the stress-strain curves given by these early models feature
parabolic curves similar to that of steel or actively confined concrete (Figure 2). This type of
curve is classified as Type I in this paper. As to be expected, these stress-strain models do not
accurately capture the typical bilinear shape of the stress-strain curves of FRP-confined
concrete.

Or 'cc, gcu)

Axial Stress (f;)

Axial Strain (¢,)

Figure 2. Stress-strain curve of FRP-confined concrete based on steel or actively confined
concrete models — Type [

3.1.1.2 Type II curves

The bilinear stress-strain curves appeared more frequently in the subsequent studies on FRP-
confined concrete (e.g. [16, 36-39]). These early studies recognized that FRP-confined
concrete developed significantly different stress-strain response than steel or actively
confined concrete. Behavior of FRP-confined concrete was simply represented by a bilinear
curve defined by a transition point (f.;, &.;) near the location of the unconfined concrete peak
stress and a final point (.., &) at the ultimate condition as shown in Figure 3. As marked in
Table 1 some of the models did not consider the strength enhancement due to confinement at
the transition point and defined the transition point using the corresponding stress (f'.,) and
strain (&.,) of unconfined concrete.

U‘,cc, gnu)
OF 'w, 80(1) or 0(‘ ’c], 851)

Axial Stress (f;)

Axial Strain (¢,)

Figure 3. Bilinear stress-strain curve of FRP-confined concrete — Type 11
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(c)
Figure 4. Stress-strain curves of FRP-confined concrete with parabolic initial ascending
branch and linear or quasi-linear second branch: (a) type Illa; (b) type I1Ib; (¢) type Illc

3.1.1.3 Type III curves

In most of the later studies, the stress-strain models of FRP-confined concrete were further
improved by more accurate modeling of the initial ascending portion of the stress-strain
curves. These models described the initial ascending region as a parabola, which was
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followed by a second region that was approximately linear (Figures 4(a) to (c)). As noted
previously, several different approaches have been used to establish the Type III stress-strain
curves, which are further classified herein as Types Illa, IIIb and IIIc curves.

Type Illa curves: Hognestad’s parabola [40] has been used by several researchers to model
the initial ascending portion of the stress-strain curve of FRP-confined concrete [9, 22, 27,
41-43]. The second branch of the stress-strain curve was obtained by connecting the initial
peak with the ultimate condition (f'., &.,) through a straight line defined by Eq 5. In Table 1,
this type of curve is classified as Type Illa. The shape of the curve and the relevant notations

are illustrated in Figure 4(a).

e H][j ] e @

fc = fz"l + ECZ (gc - gcl ) for g(‘ > 8(‘1 (5)
fc,c - fc’l
where Ec2 — : (6)

Type IIIb curves: The four-parameter curve proposed by Richard and Abbott [44] (Type IlIb
— Figure 4(b)) (Eq. 7) has been used widely in modeling the stress-strain relationship of FRP-
confined concrete (refer to Table 1 for a complete list of models). In some of the studies, the
original version of the stress-strain relationship was modified in establishing the final form of
the new model expressions [8, 12, 45-49]. The modified parts of these model expressions that
differ from the original version are presented in Table 1. In the original model, the stress-
strain behavior of FRP-confined concrete was described by two slopes, namely the slope of
the elastic portion of the initial ascending branch (£,;) and the post-peak second branch (£,,)
(Figure 4(b)), in the form given in Eq. 7. In these curves, a polynomial constant (n) (Eq. 9)
was used to fit a smooth transition curve between the two segments. The expression given by

ACI 318-95 [50] for the elastic modulus of concrete E, =4730,/ f',, was used by most of the

reviewed models to determine the slope of the initial ascending branch (£,;). For the models
that recommended different expressions for the determination of E,.;, these expressions are
given in Table 1.

f(‘ — (Ecl _Ec2 )gc T + E'ngC

- {(EE)} ” (7
fU
f;) :f;rﬁ _ECZECu (8)
1

n=1+
Ey ©
Ec2
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Type Illc curves: Based on the general expression developed by Sargin [51] (Eq. 10), Ahmad
and Shah [5] proposed a stress-strain model for concrete confined by steel spirals. Ahmad
and Shah’s model [5] was then modified by Toutanji [52] for FRP-confined concrete into the
form given in Eq. 11, which was subsequently adopted by a number of models to describe the
stress-strain relationship of FRP-confined concrete (Type Illc — Figure 4(c)). These models
use the slopes of the initial ascending branch (E,;) and the post-peak second branch (£;;) to
describe the stress-strain curve. It should be noted that in these models the slope of the
second branch (E’.,) refers to the tangential slope of the stress-strain curve taken immediately
after the initial peak stress (f'.;) is reached (Figure 4(c)).

2
Al Ze |+ (p, -1)
fc gco gm

f" = e e 2 (10)
v 1+(A,.—2)( ”J+D[[ J
gCO gCO
4;¢.
6_1+ngc+ngcz (11)
where 4, =E (12)
C :&_i_i_Ele:chl 13
J fCII & o fcfl 2 ( )
— 1 EclEc,‘Z
Q—;—T,lz (14)

3.1.2 Important aspects of the stress-strain curves

Typical axial stress-strain curves of FRP-confined concrete are shown in Figure 5. In some of
the models reviewed in this paper, the behavior of FRP-confined concrete at the initial
ascending portion of the stress-strain relationship was assumed to be similar to that of
unconfined concrete (Figure 5(a)) (e.g. [9, 22, 42, 43, 53]). This was based on the assumption
that confinement provided by the FRP shell was insignificant along the initial branch because
the lateral strain of confined concrete and the resulting lateral confinement pressure were low
during that stage. Consequently, initial axial strength and strain enhancement were
considered negligible by these models. There were also a number of models that considered
the strengthening effect of FRP confinement on the initial ascending portion of the stress-
strain curve as illustrated in Figure 5(b) [8, 10, 12, 16, 27, 41, 46-48, 52, 54-58]. Information
regarding this aspect of the models were provided in the fifth column of Table 1, where
“Yes’ indicates that the initial strength and strain enhancement effects were considered by the
model.
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Figure 5. Stress-strain curves of FRP-confined concrete: (a) with the first peak corresponding to
that of unconfined concrete; (b) with consideration of strengthening effect of confinement at the
first peak

After the transition zone that starts towards the end of the ascending branch, the cracked
concrete dilates rapidly and the lateral expansion triggers the passive confinement mechanism
of the FRP shell. In return, the lateral confining pressure (f;) generated by the FRP shell
counteracts degradation of the axial stiffness of the concrete core and prevents the core from
losing its integrity. This confinement mechanism often leads to a ductile plateau in the axial
stress-strain curve after the initial ascending branch, which is often referred as the second
branch. If the level of confinement provided by the FRP shell is greater than the threshold
confinement level, the second branch of the stress-strain curve demonstrates a post-peak
ascending behavior, known as strain-hardening (Line A-B in Figure 5(b)). Conversely, if the
level of confinement is lower than the threshold value, a post-peak descending behavior
known as strain-softening is observed (Line A-C in Figure 5(b)). Except for the models
proposed by Miyauchi et al. [41], Li et al. [35], Jiang and Teng [46], Wu et al. [59], Yan and
Pantelides [47], Binici [60], and Teng et al. [48], the design-oriented models reviewed in this
paper did not provide expressions for predictions of the strain softening behavior of FRP-
confined concrete.
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3.1.3 Ultimate condition models

Of the reviewed models, 25 consisted only of expressions given to determine the ultimate
condition (i.e. ultimate strength (f..) and corresponding strain (e,)) of FRP-confined
concrete. The complete stress-strain relationship was not described in these models, and some
of the models gave an expression only for the ultimate strength not including one for the
ultimate strain. These details all highlighted in Table 1, where the ultimate condition models
were marked as ‘N/A’ in the ‘type of curve’ column of the table. The majority of these
models were based on the general form of the expressions proposed by Richart et al. [4] for
the calculation of the compressive strength (... ') and corresponding strain (e.. ) of actively
confined concrete. The general form of these ultimate condition models is described by EgS.
15 and 16.

C’(f kEfM
2:, =tk (15)
g'u kf u
‘9(7=02+k2—f£l (16)

where c; and c; are calibration constants, and k; and k; are strength and strain enhancement
coefficients for FRP-confined concrete, respectively.

These models were calibrated using recorded stress and strain data of test specimens at
failure. As the ultimate condition expressions were developed empirically, their accuracy
depends on the size and reliability of the database used in their calibration. Some of these
models were developed based on rather limited test data, often only from tests performed by
the originators of the model (e.g. [1, 9, 10, 52, 61]). Several researchers, on the other hand,
developed their ultimate condition expressions using larger test databases they assembled
from the published literature (e.g. [12, 13, 62-64]).

3.2 Analysis-oriented models

Analysis-oriented models consider the interaction between the external confining shell and
internal concrete core. Incremental iterative numerical procedures have been often used to
solve the force equilibrium and strain compatibility between the two elements. These models
are capable of providing a unified treatment of both well-confined concrete with a
continuously ascending stress-strain curve and weakly confined concrete with a stress-strain
curve featuring a descending branch. These models also have the potential to predict the
behavior of concrete confined with different materials provided that appropriate constitutive
relationships are used for the confining material. As stated by Teng et al. [62], these features
make analysis-oriented models more versatile and powerful than design-oriented models. On
the other hand, most of the analysis-oriented models are built on the assumption of stress path
independence, which assumes that the axial stress and axial strain of FRP-confined concrete
at a given lateral strain are the same as those of the same concrete actively confined with a
constant confining pressure equal to that supplied by the FRP shell [62]. Based on the
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observations of their investigations on FRP-confined high-strength concrete (HSC), Xiao et
al. [64] recently stated that the assumption of stress path independence was incorrect for
confined HSC, and suggested that confinement effectiveness of FRP-confined HSC might be
lower than that of actively confined HSC. Xiao et al. [64] further concluded that the stress
path independence assumption deviated from the actual behavior more significantly when the
confining FRP shell was softer and/or when the unconfined concrete strength was higher.
These observations are supported by the results of the recently conducted tests on FRP-
confined HSC by the first author's research group at the University of Adelaide [65].
Although the effect of path dependence was easier to recognize in confined HSC due to the
inherently high confinement demand of the HSC, this should not be interpreted as this effect
is limited to HSC, and for confined normal-strength concretes with low nominal confinement
ratios (fu/f.,) deviations may also be significant. Therefore, alongside the previously
mentioned advantages of the analysis-oriented models the abovementioned limitations of the
models should also be recognized. Only a brief summary of the analysis-oriented models is
presented in this paper as a detailed review of majority of these models was previously
presented by Jiang and Teng [66].

In the development of analysis-oriented models for FRP-confined concrete, the stress-strain
curves of actively confined concrete are employed as the base curves (Figure 6(a)). The axial
stress-strain curve of FRP-confined concrete is then obtained through an incremental
approach, with the resulting curve crossing a family of stress-strain curves for the same
concrete under different levels of active confinement pressure (Figure 6(a)). This approach
requires the lateral-to-axial strain (i.e. dilation relationship (1)) of FRP-confined concrete as
an input. The iterative process involved in the determination of the stress-strain curves of
FRP-confined concrete can be summarized as follows. If the lateral-to-axial strain
relationship is known, for a given axial strain (&, 4), then the corresponding lateral strain (g;4)
can be determined as illustrated in Figure 6(b). The confining pressure in FRP can then be
calculated using this strain. The actively confined concrete stress-strain curve corresponding
to this confining pressure can then be selected from the family of curves, such as Curve 4 in
Figure 6(a), and can be used to determine the axial stress of FRP-confined concrete (f;, 4) for
the given axial strain (e.4). The confining pressure in FRP-confined concrete varies
continuously with the axial strain, therefore the above steps should be repeated to generate
the entire stress-strain curve. Finally, the stress-strain curve of FRP-confined concrete
terminates at the point where the lateral strain reaches the hoop rupture strain of the FRP

(Sh, rup) .

It should be clear from the above summary that the accuracy of analysis-oriented models is
very sensitive to both the active confinement base curves and the lateral-to-axial strain
relationships used in the models. In the following section, a brief summary of these key
relationships are presented. Table 2 summarizes the expressions used by each analysis-
oriented model to establish the actively confined concrete base curves and model the lateral-
to-axial strain relationship of FRP-confined concrete.
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Figure 6. Determination of stress-strain curves of FRP-confined concrete by analysis-oriented
models: (a) axial stress-strain curves; (b) lateral strain-axial strain curves

3.2.1 Axial stress-strain curves for actively confined concrete

The prediction of stress-strain curves of actively confined concrete requires a stress-strain
equation together with a set of equations to predict the peak stress (.. ) and the corresponding
strain (¢ ..) of confined concrete. The majority of the existing analysis-oriented models
adopted the stress-strain model proposed by Popovics [34] (Eq. 17), to determine the shape of
the actively confined concrete base curves [3, 7, 11, 62, 64, 66-70]. Popovics’ [34] model
describes the stress-strain curve of concrete through an energy balance approach as:

AR

where the constant 7 accounts for the brittleness of concrete and was originally given in the
model as »=0.0004/""+1. All the models reviewed in this study that adopted the original or

modified version of Popovics' [34] model determined this constant by an expression given by
Carreira and Chu [71] as:
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For the models that modified the original version of Popovics' [34] stress-strain curve [72,
73], the modified parts of the model expressions are presented in Table 2. It should be noted
that the expression for E., given by ACI 318-95 [50] as E_=4730,/f',, , was used by most of

the reviewed models to determine the initial elastic modulus of concrete. For the models that
recommended different expressions for the determination of £, these expressions are given in
Table 2.

3.2.2 Peak stress and strain expressions for actively confined concrete

The expressions used by each analysis oriented model to determine the peak stress and
corresponding strain on the stress-strain curve of actively confined concrete are shown in
Table 2. The most commonly used peak stress (/. ) expression was the one given by Mander
at al. [6] (Eq. 19). This expression was based on the general expression proposed by Willam
and Warnke [74] and was calibrated using the test results of hydrostatically confined concrete
specimens tested by Elwi and Murray [75].

1 :fc'{z.254 /1+7'3[4,f’ —2/{5—1.254] (19)

The most commonly used expression for the prediction of the axial strain (¢'..) at peak stress
was the one originally proposed by Richart et al. [4]:

. 1y
&, =5, —=--08 20
Lo @)

co

3.2.3 Dilation behavior of FRP-confined concrete

In analysis-oriented models, the lateral-to-axial strain relationship (i.e. dilation behavior) of
FRP-confined concrete provides the essential link between the response of the concrete core
and the passive confinement of the FRP shell. The existing analysis-oriented models either
used explicitly derived relationships (i.e.[45, 62, 72, 76]) or they gave them implicitly (i.e.
[11, 64, 67-70, 73, 77]), in majority of the models, through the modification of the
expressions originally given by actively confined concrete models. Most of the explicit
models are capable of accurately capturing the dilation behavior of FRP-confined concrete in
the final stage of the behavior, where the rapid expansion of concrete is stabilized by the FRP
confinement, and lateral-to-axial strain ratio asymptotically approaches to a constant value.
Accurate prediction of the dilation behavior within this region is highly important for the
overall accuracy of the dilation model. The majority of the implicit models, on the other
hand, are unable to capture the dilation behavior in this region, as they often predict a dilation
behavior that resembles the ones observed in actively confined or steel-confined concrete,
where the concrete dilation continues at an increasing rate until the eventual failure. Different
expressions proposed for the dilation behavior of FRP-confined concrete are summarized in
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Table 2. It may be worthwhile to note that in addition to the analysis-oriented models
discussed in this section, some of the design-oriented models also gave expressions for the
prediction of the dilation ratio of FRP-confined concrete at ultimate [16, 54, 55, 78-80].
These expressions are included in Table 1.

3.3 Models based on other approaches

In addition to the design- and analysis-oriented models reviewed in this paper, a few other
FRP-confined concrete models were developed using a number of different approaches. For
completeness, these models are summarized briefly in this section. The model developed by
Harmon et al. [81] was based on the concept of crack slip and separation in the concrete. In
this model, the relationship between lateral strain and axial strain was not given explicitly but
defined as a function of the crack slip-separation path. The analytical models developed by
Karabinis and Rousakis [82] and Rousakis et al. [83] were based on plasticity approach,
which involved numerical integration. In these models, concrete is assumed to behave as an
elastoplastic material following the Drucker-Prager yield criterion. The Drucker-Prager
criterion was also employed by models proposed by Eid et al. [84] and Eid and Paultre [85].
Becque et al. [86] modified Gerstle’s [87, 88] octahedral stress-strain models by adopting
Samaan’s [8] expression for ultimate strength to define the failure surface of FRP-confined
concrete. The damage-based model developed by Moran and Pantelides [89] was based on
the extent of internal damage in the confined concrete core. In addition, a number of finite
element-based models were developed such as those proposed by Rochette and Labossiére
[90], Mirmiran et al. [91], Parent and Labossiére [92], Yu et al. [93, 94], Cho and Kwon [95],
Csuka and Kollar [96], Dandapat et al. [97] and Jiang et al. [98].

4. EXPERIMENTAL TEST DATABASE USED IN THE MODEL ASSESSMENT

In this paper a carefully prepared test database of FRP-confined concrete cylinders tested
under monotonic axial compression is used for model assessment. The database was
assembled through an extensive review of the literature that covered 2038 test results from
202 experimental studies. The suitability of these results for the database was then assessed
using a set of carefully established selection criteria to ensure the reliability and consistency
of the database. Only monotonically loaded circular specimens with unidirectional fibers
orientated in the hoop direction and an aspect ratio (/D) less than 3 were included in the
assessment database. Specimens containing internal steel reinforcement, partial FRP
confinement or specimens with unconfined concrete compressive strengths greater than 55
MPa were not included. This resulted in a final database size of 730 datasets collected from
92 experimental studies published between 1992 and the end of 2011.

The database used in the model assessment was sorted into eight groups based on two main
confinement parameters; that is, confinement technique (wraps or tubes) and type of FRP
material (Carbon FRP (CFRP), S- or E-Glass FRP (GFRP), Aramid FRP (AFRP), or High-
modulus Carbon FRP (HM CFRP)). 653 specimens in the database were FRP-wrapped,
whereas 77 specimens were confined by FRP tubes. 422 of the specimens were confined by
CFRP, 198 by GFRP, 58 by AFRP and 52 by HM CFRP. The diameters of the specimens
(D) included in the test database varied between 47 and 600 mm, with the majority of the
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specimens having a diameter of 150 mm. The unconfined concrete strength (f'.,) and strain
(¢c0), as obtained from concrete cylinder tests, varied from 6.2 to 55.2 MPa and 0.14% to
0.63%, respectively. The actual confinement ratio, defined as the ratio of the actual ultimate
confining pressure to the unconfined concrete strength (f;,./f",), varied from 0.02 to 4.86. It
should be noted that not all the datasets included in the database contained all the relevant
details required for model assessment. As a result, out of the 730 datasets, 705 were used in
the assessment of the strength enhancement ratios and 527 in the assessment of the strain
enhancement ratios.

5. ASSESSMENT OF FRP-CONFINED CONCRETE STRESS-STRAIN MODELS

5.1. Summary of the assessed models

The experimental test database, described in Section 4, was used in the performance
assessment of the stress-strain models reviewed in the Sections 3.1 and 3.2. The list of the
design- and analysis-oriented models included in the assessment is given in Tables 3 and 4,
respectively, together with the results of the statistical analysis conducted to assess the
performance of these models. Additional details of each of these models can be found in
Tables 1 and 2. As mentioned previously, 59 of the reviewed models were classified as
design-oriented models, 13 as analysis-oriented models, and the remaining 16 as ‘models
based on other approaches’. All of the design-oriented and analysis-oriented models that had
sufficiently defined parameters to allow numerical calculations were used in the assessment.
This led to an assessment study that consisted of 68 of the 88 reviewed models.

5.2. Procedures used in model assessment

In this section the key assumptions made and approaches used in the assessment of the
models are briefly discussed. In the present study, the model performances are evaluated
based on their predictions of the strength enhancement ratios (f'.c/f’co)moder and strain
enhancement ratios (€.,/€.0)model- Each model was assessed against all the test results included
in the database, unless the model specified specific limitations for certain test parameters. In
which case, the specimens that satisfied the criteria given by the model were used in the
assessment of the corresponding model. The number of specimens used in the assessment of
each model is reported in Tables 3 and 4. Details of the limitations and defined parametric
ranges of the models are further discussed in Section 5.3.3. It is worthwhile to note that some
of the specimen details that were required by the models were not always provided in the
publications that reported the results included in the database. These omitted details included
the unconfined concrete strain at peak stress (&.,), elastic modulus of concrete (E.), and hoop
rupture strain of FRP shell (ep,.,). If such details were not provided in the source document,
in the present study they were predicted using the approaches outlined in the following
sections.
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5.2.1. Properties of unconfined concrete

The unconfined concrete strengths (f.,) given in the database were obtained from cylinder
test results reported in the original studies, and they were employed directly in the model
assessment. On the other hand, it was not possible to directly use the strains corresponding to
the strength of unconfined concrete (¢,) in the model assessment, due to problems with
availability and/or reliability of these results. Reported values of ¢, varied significantly from
one study to another even for the same unconfined concrete strengths, pointing to potential
difficulties experienced with experimental determination of these values. To ensure
uniformity and consistency among the test results used in the model assessment, in the
present study unconfined concrete strains (&.,) used in the model assessment were calculated
by Eq. 21 proposed by Tasdemir et al. [99].

£, =(-0.067f> +299f7 +1053x10° 1)

If an expression was not specified in the original publication, the elastic modulus of the
unconfined concrete (£.) was computed based on the expression given by ACI 318-95 [50]
(Eq. 22).

E, =430 f, (22)

5.2.2. FRP confinement pressure

Of the 68 assessed models, 45 of them employed the nominal ultimate confining pressure (f;,)
in their predictions of the ultimate conditions of FRP-confined concrete. However, as
explained previously in Section 2 it is now well understood that a strain reduction factor k. is
required to accurately determine the actual confining pressure at ultimate (f;,,). The average
fiber strain reduction factor (k,,) and FRP strain reduction factor (k;,) were calculated as
0.641 and 0.685 from the experimental test database, respectively. In the model assessment,
for the datasets that did not include ¢, data or contained k; values that differed significantly
from the rest of the results, average k. values of 0.641 or 0.685 were used to calculate the
corresponding hoop rupture strain (&) of the FRP shell, based either on the ultimate tensile
strain of the fibers (&) or the FRP (g5,), respectively. When both fiber and FRP properties
were available, unless otherwise specified by the model, the fiber properties were used for the
determination of the actual confinement pressures (f;,,). It should be noted that, as shown in
the last columns of Tables 1 and 2, some of the assessed models recommended certain 4.
values to be used in the absence of experimentally recorded ¢, ., data. In the present study,
the k. values recommended by these models were not employed in the model assessment, and
the average k. values determined from the database were used for all the models in predicting
the ultimate conditions of the datasets for which e, values were not reported.
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Table 3. Design-oriented model predictions of ultimate conditions of FRP-confined concrete

Prediction of f'../f'co

Prediction of e.,/¢.0

No. Model Number of | Mean | Average | Linear | Standard | Number of | Mean | Average | Linear | Standard
test data Square | Absolute | Trend | Deviation | test data Square | Absolute | Trend | Deviation
Error Error Slope Error Error Slope
Fardis and Khalili 1 [1] 705 1.530 0.412 1.465 0.268
! Fardis and Khalili 2 [1] 705 1.033 0.417 1.392 0.234 527 35872 0.514 0.850 1.031
2 | Saadatmanesh et al. [3] 705 0.474 0.327 1.126 0.243 527 17.873 0.411 0.794 0.565
3 | Mirmiran [113] 705 0.499 0.200 0.731 0.187 - - - - -
Karbhari and Gao 1 [39] 705 0.618 0.244 0.675 0.154
4 Karbhari and Gao 2 [39] 705 0.220 0.145 0.843 0.155 527 48.217 0.575 0.342 0.183
5 | Miyauchi et al. [9] 637 0.830 0.292 1.312 0.230 480 20.472 0.350 0.695 0.508
6 | Jolly and Lillistone [42] 705 0.927 0.241 1.195 0.384 - - - - -
7 | Kono etal. [61] 91 0.094 0.106 0.939 0.137 74 13.477 0.340 0.607 0.188
8 | Samaan et al. [8] 705 0.160 0.168 1.037 0.189 527 48.202 1.082 1.229 1.022
9 | Miyauchi et al. [41] 705 0.373 0.208 1.176 0.199 527 15.523 0.439 0.841 0.597
10 | Saafietal. [10] 76 0.180 0.202 1.055 0.224 55 113.064 0.827 1.805 0.515
11 | Spoelstra and Monti 1 [11] 705 0.157 0.150 0.990 0.178 527 101.283 1.194 1.694 1.057
12 | Toutanji [52] 629 0.789 0.367 1.334 0.214 472 67.923 0.844 1.520 0.845
13 | Jolly and Lillistone [43] 705 0.609 0.210 1.127 0.337 - - - - -
14 | Thériault and Neale [132] 705 0.137 0.129 0.924 0.159 - - - - -
15 | Xiao and Wu [16] 407 0.169 0.109 1.052 0.144 288 17.040 0.386 1.187 0.494
16 | Lin and Chen [111] 705 0.137 0.129 0.924 0.159 - - - - -
17 | Ilki et al. [100] 383 0.101 0.105 0.899 0.133 266 12.607 0.380 0.962 0.477
18 | Lam and Teng [115] 705 0.137 0.129 0.924 0.159 - - - - -
19 | Moran and Pantelides [45] 705 1.415 0.385 1.430 0.274 527 87.024 1.186 1.727 0.853
20 | Shehata et al. [116] 705 0.137 0.129 0.924 0.159 527 49.257 0.731 1.127 1.006
Nominated the ultimate strength expressions by
21 | De Lorenzis and Tepfers [13] Samaan et al. [8], Toutanji [52], and Spoelstra and 527 23.569 0.336 0.580 0.377
Monti [11]
22 | Lam and Teng [12] 705 0.118 0.127 0.975 0.162 472 13.508 0.376 1.064 0.501
23 | Lietal. [35] 407 0.171 0.140 1.088 0.153 288 35.967 0.500 0.406 0.189
24 | Xiao and Wu [54] 705 0.201 0.147 1.056 0.190 527 18.428 0.388 1.141 0.509
25 | Ilki et al. [53] 383 0.380 0.209 0.771 0.119 266 23.284 0.688 1.113 0.640
Bisby et al. 1 [14] 705 0.151 0.142 1.034 0.173
26 | Bisbyetal. 2 [14] 705 0.123 0.138 0.991 0.170 480 28.173 0.416 0.689 0.464
Bisby et al. 3 [14] 705 0.120 0.134 0.979 0.169
27 | Saiidi et al. [56] 407 0.180 0.135 0.892 0.164 286 58.112 0.791 1.513 0.769
28 | Berthet et al. [55] 670 0.118 0.132 0.993 0.166 517 11.984 0.294 0.756 0.379
29 | Guralnick and Gunawan [102] 657 0.201 0.145 0.849 0.166 - - - - -
30 | Jiang and Teng [46] 705 0.141 0.129 0.920 0.141 527 10.835 0.358 0.982 0.491
31 | Matthys et al. [22] 705 0.158 0.176 1.069 0.181 - - - - -
1 Tamuzs et al. [79] 705 0.260 0.179 1.129 0.185 - - - - -
Tamuzs et al. [80] - - - - - 527 9.470 0.318 0.872 0.442
33 | Wuetal. [59] 574 0.365 0.184 1.104 0.237 322 59.232 0.541 0.987 0.823
34 | Al-Tersawy et al. [119] 705 0.339 0.164 0.789 0.169 527 30.522 0.369 0.541 0.481
35 | Ciupala et al. [101] 605 0.429 0.297 1.211 0.208 439 14.790 0.442 0.885 0.544
36 | Shehata et al. [110] 705 0.146 0.140 1.027 0.172 527 55.145 0.775 1.183 1.040
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37 | Tabbara and Karam [120] 705 0.280 0.175 0.802 0.136 - - - - -
38 | Vintzileou and Panagiotidou [105] 705 0.156 0.133 0.889 0.154 439 18.960 0.326 0.955 0.392
39 | Yan and Pantelides [47] 705 0.226 0.202 0.972 0.237 - - - - -
40 | Youssef et al. [27] 705 0.229 0.145 0.973 0.171 527 13.719 0.345 1.071 0.465
41 | Binici [60] 705 0.652 0.379 1.116 0.382 Same as Lam and Teng [12]
42 | Al-Salloum and Siddiqui [121] 705 0.134 0.134 1.005 0.169 - - - - -
43 | Girgin et al. [106] 696 0.119 0.132 0.981 0.167 - - - - -
44 | Teng et al. [48] Same as Jiang and Teng [46] 527 10.981 0.367 0.990 0.497
45 | Wu and Wang [63] 705 0.124 0.133 0.988 0.167 - - - - -
46 | Wuet al. [57] 53 0.347 0.152 1.182 0.161 41 38.467 0.342 0.516 0.312
47 | Benzaid et al. [123] 705 0.311 0.174 0.787 0.150 527 40.187 0.434 0.410 0.279
48 | Fahmy and Wu [49] 705 0.217 0.149 0.866 0.179 527 16.770 0.353 0.732 0.472
49 | Mohamed and Masmoudi [103] 74 0.141 0.145 0.915 0.188 - - - - -
50 | Wu and Wang [58] 53 0.475 0.177 1.230 0.171 Same as Wu et al. [57]
51 | Wu and Zhou [124] 705 0.122 0.132 0.993 0.167 - - - - -
59 Cevik 1 [125] 705 4.225 0.564 1.671 0.474 - - - - -
Cevik 2 [125] 705 2.452 0.233 0.767 0.387 - - - - -
53 | Park et al. [126] 705 0.682 0.216 1.239 0.247 - - - - -
54 Realfonso and Napoli 1 [127] 705 0.152 0.171 1.063 0.179 - - - - -
Realfonso and Napoli 2 [127] 705 0.132 0.136 1.021 0.168 - - - - -
55 | Wang and Wu [128] 51 1.096 0.371 1.436 0.315 - - - - -
56 | Yuand Teng [129] 76 0.147 0.135 0.897 0.161 55 6.493 0.233 0.836 0.356
Average values of all design- - 0337 | 0.186 | 1.020 | 0.189 - 34704 | 0530 | 0.964 | 0.571
oriented models
Table 4. Analysis-oriented model predictions of ultimate conditions of FRP-confined concrete
Prediction of '../f'co Prediction of ¢.,/cc0
No. Model Number of | Mean | Average | Linear Stangrd Number of | Mean | Average | Linear Stangrd
test data | Square | Absolute | Trend | Deviation | test data Square | Absolute | Trend | Deviation
Error Error Slope Error Error Slope
1 | Mirmiran and Shahawy [107] 705 0.216 0.203 0.992 0.224 527 37.430 0.501 0.469 0.232
2 | Spoelstra and Monti 2 [11] 705 0.356 0.252 1.055 0.220 527 336.266 | 2.104 2.390 1.623
3 | Fam and Rizkalla [67] 705 0.305 0.212 1.055 0.204 527 367.224 | 2.877 1.937 2.935
4 | Chun and Park [68] 371 0.245 0.217 1.027 0.208 260 2685.72 | 3.322 4.647 3.305
5 | Harries and Kharel [72] 705 0.703 0.242 0.663 0.185 439 2079.67 | 0.822 0.708 5.464
6 | Marques et al. [69] 705 0.980 0.332 1.364 0.236 527 244.999 1.916 2.003 1.730
7 | Binici [73] 705 0.163 0.184 1.060 0.184 527 16.405 0.322 0.714 0.423
8 | Albanesi et al. [77] 582 0.297 0.272 1.217 0.207 449 9.394 0.372 0.866 0.517
9 | Jiang and Teng [66] 705 0.130 0.129 0.962 0.154 Same as Teng et al. [62]
10 | Teng et al. [62] 705 0.116 0.121 0.987 0.154 527 11.689 0.368 1.030 0.499
11 | Aire etal. [70] 705 0.401 0.288 1.102 0.220 527 16.185 0.370 0.842 0.535
12 | Xiao et al. [64] 705 0.469 0.209 0.721 0.140 Same as Teng et al. [62]
Average values of all analysis- . 0365 | 0222 | 1.017 | 0.195 - 580.499 | 1297 | 1.561 | 1.726

oriented models
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5.2.3. Models with limited applicability

Some of the reviewed models were specified to be applicable only within certain parametric
ranges. These parameters include: method of confinement (i.e. wraps or tubes), type of FRP
material (i.e. CFRP, GFRP, AFRP, or HM CFRP), and unconfined concrete strength (f',). In
the present study, wherever applicable, the parametric ranges of the models were clearly
established and the model assessment was performed giving due consideration to these model
specifications. The applicability limitations and parametric ranges of each assessed model are
specified in Tables 1 and 2. As shown in these tables some models are only applicable to
certain types of FRP materials or confinement techniques (e.g. [10, 16, 35, 52, 53, 56-58, 61,
68, 100, 101]), to certain unconfined concrete strength ranges (f'.,) (e.g. [9, 61, 102, 103]),
and/or to certain confinement ratio ranges (f../f'.o) (€.g. [77]). There were also a group of
models that specified certain parametric coefficients to account for the differences in the
types of FRP material, concrete strength and/or confinement techniques (e.g. [14, 45, 49, 55,
59, 104-106]). Specified limitations of the models resulted in a reduction in the number of
datasets available for the assessment of some of the models. The number of the datasets used
in the assessment of each model is reported in the Tables 3 and 4.

5.2.4. Confinement models for actively confined concrete

The analysis-oriented models used in the model assessment typically supplied strength and
strain enhancement ratios to determine the peak stress point (8*CC and /.. ) on the stress-strain
curve of actively confined concrete, as discussed in detail in Section 3.2. The assessment of
the models used to determine these points was not within the scope of the study reported
herein. Only those analysis-oriented models that supplied adequate information to allow
determination of the ultimate condition of FRP-confined concrete (e, and f..) were included
in this assessment. This information was provided by the models in the form of: expressions
for ¢ and f'., a stress-strain relationship for actively confined concrete, and a dilation
relationship for FRP-confined concrete that is applicable at ultimate conditions. The analysis-
oriented model by Moran and Pantelides [45] did not provide sufficient information to allow
determination of the ultimate axial strength and strain of FRP-confined concrete, hence, it
was not included in the model assessment.

6. PERFORMANCE OF EXISTING DESIGN- AND ANALYSIS-ORIENTED
MODELS

In the present study, the model performances, established in terms of accuracy and
consistency were quantified using four statistical indicators: the mean square error (MSE), the
average absolute error (44E), the linear trend slope (L7S) and the standard deviation (SD).
The two statistical indicators used to establish overall model accuracy were the mean square
error (MSE) and average absolute error (44E), defined by Eqs. 23 and 24 respectively. The
linear trend slope (L7S), determined by a regression analysis, was used to describe the
associated average overestimation or underestimation of the model, where an overestimation
is represented by a linear trend slope greater than 1. The standard deviation (SD), determined
by Eq. 25, is used to establish the magnitude of the associated scatter for each model. Tables
3 and 4 present the statistical summary of design-oriented and analysis-oriented model
performances, respectively.
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where mod is the model prediction, exp is the experimental value, N is the total number of
datasets and avg is the sample average.

The reliability of model predictions depends on the size and completeness of the database
used in model development. The statistical summaries of model performances presented in
Tables 3 and 4 illustrate that the ultimate condition expressions of the design-oriented models
that were calibrated from relatively small test databases of FRP-confined concrete (e.g. [1, 9,
52]) and those that were based on active/steel-confined concrete (e.g. [3, 11, 68]) performed
relatively poorly in comparison to the rest of the assessed models. The results further indicate
that the analysis-oriented models that were based on implicitly derived dilation behaviors
(e.g. [11, 67, 68]) performed significantly worse than those that were based on explicitly
derived dilation relationships of FRP-confined concrete (e.g. [62, 78, 107]).

Among all of the assessed models in Tables 3 and 4, the best performing models were
determined among the models that were capable of being applied to the complete dataset in
terms of their MSE and AAE values. Considering these factors, the top performing strength
enhancement models were found to be those proposed by Lam and Teng [12], Bisby et al. 3
[14] and Teng et al. [62], for each of which MSE and AAE values were less than 0.120 and
0.134, respectively. The best performing strain enhancement models were determined to be
the ones proposed by Tamuzs et al. [80], Jiang and Teng [46] and Teng et al. [48], which
each had MSE and AAE values below 10.981 and 0.367 respectively. Among the
aforementioned models, the model proposed by Teng et al. [62] is an analysis-oriented
model, whereas the remaining models are design-oriented ones.

7. IMPORTANT FACTORS INFLUENCING MODEL PERFORMANCE

7.1. The type of model

As evident from the average values of the statistical indicators given in Tables 3 and 4,
among the two model categories, the design-oriented models generally performed better than
the analysis-oriented models in predicting the ultimate strength enhancement and strain
enhancement ratios. The average values of MSE and AAE for the design oriented models
were found to be lower, with the difference becoming more significant in the prediction of
the strain enhancement ratios. The better performance of the design-oriented models can be

45



explained by the fact that most of these design-oriented models were calibrated from test
databases of FRP-confined concrete that enabled them to directly interpret the important
parametric influences on the behavior of FRP-confined concrete. On the other hand, the
analysis-oriented models often adopted expressions from other models, such as active/steel-
confined concrete models to describe the dilation behavior of FRP-confined concrete. The
results of the model assessment indicate that these implicitly adopted expressions do not
accurately describe the behavior of FRP-confined concrete. A similar observation was
reported previously by Jiang and Teng [62]. It should be noted, however, that the analysis-
oriented models that used explicitly derived dilation relationships for FRP-confined concrete
(e.g. [62, 107]) performed much better than their aforementioned counterparts, with model
performances rivaling the best performing design-oriented models.

7.2. The forms of model expressions

The model expressions proposed for the ultimate strength enhancement (f'../f.,) and strain
enhancement (e.,/e.,) ratios were given either as a linear (e.g. [4, 41, 42]) or a nonlinear
function (e.g. [6, 8, 109]) of the nominal or actual confinement ratios (i.e. f./f"co O fiua/fco)-
The results of the model assessment indicate that some of the better performing ultimate
strength enhancement expressions had linear forms (e.g. [12, 46, 110]). On the other hand, as
indicated by the results of the model assessment, almost all of the better performing ultimate
strain enhancement expressions had non-linear forms (e.g. [46, 55, 80]). This is due to the
dependency of the ultimate strain enhancement ratio (e./¢.,) to the ultimate tensile strain of
the FRP material (g4,,) in addition to the confinement ratio (f,/f’.,), as was pointed out in a
number of previous studies (e.g. [12, 20, 39, 111]). Furthermore, the results indicate that the
models that make use of the hoop rupture strains (ep.,) (e.g. [46, 47, 79]), in general,
perform better than the models that directly use the ultimate tensile strain of fibers (&) (e.g.
[9, 11, 61]). This performance difference becomes particularly significant in the prediction of
the ultimate strain enhancement ratios, with most of the better performing models employing
strain efficiency factors (k.) implicitly or explicitly in their expressions.

8. CONCLUSIONS

In the past two decades, a great deal of research effort has been devoted to the understanding
of the axial compressive behavior of FRP-confined concrete. As a result, 88 models have
been developed to predict the behavior of FRP-confined concrete in circular sections. This
paper has presented a comprehensive review and systematic assessment of the existing
models, where the models have been reviewed and classified into appropriate categories.
Each model's key features have been summarized, its theoretical basis has been discussed and
any relationship between the model and other models are identified.

A systematic performance assessment for the 68 reviewed models is then presented. Based on

this study, the following observations and conclusions can be drawn:

1. In the predictions of ultimate conditions, in general, the design-oriented models
perform better than analysis-oriented models. Furthermore, in general, the performance
of the design-oriented models increase with the size of the database used in their
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development and the analysis-oriented models with explicitly derived dilation
relationships perform better than those with implicitly adopted dilation relationships.

2. Of the 68 FRP-confined concrete stress-strain models assessed, those by Lam and Teng
[12] and Tamuzs et al. [80] are the most accurate for the predictions of the ultimate
strength and strain enhancement ratios, respectively. Both models are design-oriented.

3. The common modeling issues that compromises model accuracies include: the use of
relatively small test databases in the development of design-oriented models (e.g. [1, 9,
52]) and the use of implicitly determined dilation relationships in the development of
analysis-oriented models (e.g. [11, 67, 68]).

4. Accuracy of the models that make use of the hoop rupture strains (5, .,,) are, in general,
significantly higher than the models that directly use the ultimate tensile strain of fibers
(&p). The performance difference between these models is particularly in the prediction
of the ultimate strain enhancement ratios, and most of the better performing models
employ rupture strain efficiency factors (k) in their expressions.

5. Through the analysis of the results in the database, the average values of the hoop strain
reduction factors based on fiber and FRP properties (k. and k,) are determined as
0.641 and 0.685, respectively. The observed variation of the average k. values with
fiber type points to the possible influence of the type of fibers on the strain reduction
factor.

6.  The model prediction errors associated with the prediction of ultimate axial strains (&)
are significantly larger than those of ultimate strengths (f'.,). These higher prediction
errors are partly caused by the sensitivity of the ultimate strains to the type of FRP used
as confinement, and the inability of the majority of the models to accurately predict this
influence.

There is no doubt that the great number of studies conducted in the past two decades has led
to a good understanding of the behavior of FRP-confined normal-strength concrete in circular
sections. However, there are still a number of areas where further research is required. One
such area involves the study of the influence of the type of FRP on the ultimate conditions of
FRP-confined concrete and on the strain reduction factor (k) of the FRP jacket.

The model assessment that has been presented herein clearly indicates the important
influence of the size and reliability of the test databases used in the model development on
the overall performance of the models, especially for the design-oriented models. Therefore,
it is recommended that a carefully chosen selection criteria is applied in the future database
development efforts. Although the analysis-oriented models with explicitly derived dilation
relationships (e.g. [62, 107]) perform reasonably well, in the future, accuracies of these
models can be further improved through better modeling of the lateral-to-axial strain behavior
of FRP-confined concrete. Furthermore, in future analysis-oriented model development
efforts, due attention should be given to the implications of the path dependency assumption
discussed in detail in Section 3.2.
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NOMENCLATURE
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Average Absolute Error

Parameter in model proposed by Sargin [51]

Parameter in model proposed by Toutanji [52]

Constant in the strength enhancement expression (Eq.15)

Constant in the strain enhancement expression (Eq.16)

Parameter in model proposed by Toutanji [52]

Diameter of concrete core (mm)

Parameter in model proposed by Sargin [51]

Parameter in model proposed by Toutanji [52]

Tangent slope of the second branch of axial stress-strain curve at f’.; (MPa)

Elastic modulus of unconfined concrete (MPa)

Initial slope of axial stress-strain curve of FRP-confined concrete (MPa)

Slope of the second branch of axial stress-strain curve of FRP-confined concrete
(MPa)

Secant elastic modulus of unconfined concrete at f'., (MPa)

Variable strain-hardening secant modulus in model proposed by Moran and
Pantelides [45]

Variable strain-softening secant modulus in model proposed by Moran and
Pantelides [45]

Deterioration rate of FRP-confined concrete in model proposed by Li et al. [35]

Effective modulus of composite in model proposed by Karbhari and Gao [39]

Elastic modulus of fibers (MPa)

Elastic modulus of FRP material (MPa)

Lateral confinement stiffness (MPa); E; = 2Et/D or 2 Eg,ts,/D

Second branch slope of axial stress-strain curve of FRP-confined concrete in Jolly
and Lillistone [42]

Second branch slope of axial stress-lateral strain curve of FRP-confined concrete in
Berthet et al. [55]

Axial compressive stress of FRP-confined concrete at first peak (MPa)

Peak axial compressive stress of FRP-confined concrete (MPa)

Peak axial compressive stress of actively confined concrete (MPa)

Peak axial compressive stress of unconfined concrete (MPa)

Axial compressive stress of FRP-confined concrete at €., (MPa)

Axial compressive stress of concrete (MPa)

Axial compressive stress at elastic limit in model proposed by Binici [73] (MPa)

Residual stress in model proposed by Binici [73] (MPa)

Ultimate tensile strength of fibers; f; = Eer(MPa)

Ultimate tensile strength of FRP material; /5, = Efpe4, (MPa)

Axial compressive stress of concrete at ¢, 4 (MPa)

Lateral confining pressure (MPa)

Lateral confining pressure of actively confined concrete (MPa)

Nominal lateral confining pressure at ultimate; f;, = Ejeor fi, = Ecsp (MPa)

Actual lateral confining pressure at ultimate; £, . = Eep, rp (MPa)
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fo Intercept stress at the stress axis of axial stress-strain curve (MPa)
g Parameter in model proposed by Demers and Neale [36]
H FRP confined concrete specimen height (mm)

k Parameter in model proposed by Harries and Kharel [72]

k; Axial strength enhancement coefficient

k> Axial strain enhancement coefficient

k3 Parameter in model proposed by Razvi and Saatcioglu [112]
k4 Parameter in model proposed by Wu et al. [59]

ks Parameter in model proposed by Girgin [106]

ke Hoop strain reduction factor

ke s Hoop strain reduction factor of fibers

ke fip Hoop strain reduction factor of FRP material
kei FRP effectiveness factor in model proposed by Miyauchi [9]
LTS Linear Trend Slope

M Sample mean
MSE  Mean Square Error
m Parameter in model proposed by Youssef et al. [27]

my parameter in model proposed by Fahmy and Wu [49]
m; parameter in model proposed by Fahmy and Wu [49]

N Number of data in sample

n Constant in model proposed by Richard and Abbott [44]

Nfipy Number of fiber sheets in FRP shell

r Concrete brittleness constant in model proposed by Popovics [34]

SD Standard deviation

tr Total nominal thickness fibers (mm)

tip Total thickness of FRP material (mm)

a Reciprocal of secant axial modulus softening rate; o = 1/f

oy Parameter in model proposed by Binici [73]

S Secant axial modulus softening rate

b1 Parameter in model proposed by Yan and Pantelides [47]

b Parameter in model proposed by Binici [73]

Vip Parameter in model proposed by Vintzileou and Panagiotidou [105]

Vm Material strength reduction factor in model proposed by Jolly and Lillistone [42]

€ e Axial strain of actively confined concrete at /%,

e Axial strain of concrete

Ecd Axial strain of concrete at ;4

Ecor Axial strain of concrete at concrete cracking

Ece Axial strain at elastic limit in model proposed by Binici [73]

Ecvo Axial strain of concrete at zero volumetric strain

gl Axial strain of FRP-confined concrete at f',;

&) Axial strain of FRP-confined concrete at the first peak in model proposed by
Miyauchi et al. [41]

Eco Axial strain of unconfined concrete at f',

Eco,i Axial strain of unconfined concrete in model proposed by Ahmad et al. [2]
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Eco,u

&
Efip
gh,rup
€l

€lo
€14
Elvo
€l

€o

€u

oo
o

Usi

s, max

Hsu
Mt

,ul, asym

,ut,max

Ultimate axial strain of unconfined concrete in model proposed by Wu et al. [59]

Ultimate axial strain of FRP-confined concrete

Ultimate tensile strain of fibers

Ultimate tensile strain of FRP material

Hoop rupture strain of FRP shell

Lateral strain of concrete

Lateral strain of concrete at axial strain &,

Lateral strain of concrete at axial strain &, 4

Lateral strain of concrete at zero volumetric strain

Lateral strain of concrete at f',;

Intercept strain of the axial strain axis of axial strain-lateral strain curve in Xiao and
Wu [16, 54]

Axial strain in the post-peak descending branch of stress-strain curve of FRP-
confined concrete corresponding to 50% of the peak strength, in model proposed
by Li et al. [35]

Density of concrete

Parameter in model proposed by Miyauchi et al. [41]

Lateral-to-axial strain ratio or dilation ratio of concrete

Secant dilation ratio of confined-concrete

Secant dilation ratio of confined-concrete at f’.; in model proposed by Binici [73]

Maximum secant dilation ratio of confined-concrete in model proposed by Binici
[73]

Secant dilation ratio of confined-concrete at ¢,

Tangent dilation rate of confined-concrete

Asymptotic tangent dilation rate of FRP-confined concrete in Mirmiran and
Shahawy [107]

Maximum tangent dilation rate of FRP-confined concrete in Mirmiran and Shahawy
[107]

Average tangent dilation rate of confined-concrete at ¢,

Initial Poisson’s ratio of concrete

Material factor in models proposed by Marques et al. [69] and Aire et al. [70]

Internal friction angle of concrete

Parameter in model proposed by Binici [73]
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AXTAL COMPRESSIVE BEHAVIOR OF FRP-CONFINED CONCRETE:
EXPERIMENTAL TEST DATABASE AND A NEW DESIGN-ORIENTED MODEL

Togay Ozbakkaloglu and Jian C. Lim

ABSTRACT

A large number of experimental studies have been conducted over the last two decades to
understand the behavior of FRP-confined concrete columns. This paper presents a
comprehensive test database constructed from the results of axial compression tests on 832
circular FRP-confined concrete specimens published in the literature. The database was
assembled through an extensive review of the literature that covered 3042 test results from
253 experimental studies published between 1991 and the middle of 2013. The suitability of
the results for the database was determined using carefully chosen selection criteria to ensure
a reliable database. This database brings reliable test results of FRP-confined concrete
together to form a unified framework for future reference. Close examination of the test
results reported in the database led to a number of important observations on the influence of
important parameters on the behavior of FRP-confined concrete. A new design-oriented
model that was developed to quantify these observations is presented in the final part of the
paper. It is shown that the predictions of the proposed model are in close agreement with the
test results and the model provides improved predictions of the ultimate conditions of FRP-
confined concrete compared to any of the existing models.

KEYWORDS: FRP-confined concrete; Fibers; Plastic deformation; Strength; Mechanical
testing
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1. INTRODUCTION

Axial compressive behavior of FRP-confined concrete has received significant attention over
the last two decades, and it is now well understood that the confinement of concrete with
fiber reinforced polymer (FRP) composites can substantially enhance concrete strength and
deformability. A large number of experimental studies have produced over 3000 test results
on FRP-confined concrete and resulted in the development of over 90 axial stress-axial strain
models, 88 of which were recently reviewed and assessed in Ozbakkaloglu et al. [1]. It
became evident from the results of the assessment reported in Ozbakkaloglu et al. [1] the
performances of a large proportion of the existing models were compromised when assessed
against a large test database with a parametric range that is much wider than the databases
used in the development of these models. These observations clearly revealed the need for an
extensive and reliable experimental test database of FRP-confined concrete for the
development of models of higher accuracy.

In this paper, a carefully prepared database of circular FRP-confined concrete specimens
tested under monotonic uniaxial compression is presented. The database was assembled
through an extensive review of the literature that cataloged 3042 test results from 253
experimental studies published between 1991 and the middle of 2013. These results were
then assessed according to criteria that had been critically determined to establish a reliable
database. Assessment using these criteria resulted in a final database of 832 test results from
99 different sources. This database serves as a valuable reference document for: i) future
model development and verification; ii) assessment of existing models; and iii) future
database establishment. The important factors that influence the overall behavior of FRP-
confined concrete, as identified from the results reported in the comprehensive database, are
then discussed. In the final part of the paper, a new design-oriented model developed using
the database to predict the ultimate condition of FRP-confined concrete is presented.

2. CONSTRUCTION OF EXPERIMENTAL TEST DATABASE

2.1 Previous databases

Due to the inherent complexity of the behavior of FRP-confined concrete, test databases
serve as a vital verification tool in assessing the performance of a model. Recognition of the
importance of systematically collecting and categorizing the existing test results has led to a
number of previous attempts to develop test databases for FRP-confined concrete. All
relevant details of these previous databases are summarized in Table 1. The earlier databases
reported by Lam and Teng [2, 3], De Lorenzis and Tepfers [4] and Bisby et al. [5] are
extensive and include the majority of the experimental data with sufficient detail that were
available at the time the databases were published. More recently, Turgay et al. [6] compiled
a database of carbon FRP-confined concrete specimens and Realfonzo and Napoli [7]
reported a fairly large database of carbon and glass FRP-wrapped specimens. However, a
comprehensive review of the literature indicated that a large number of the currently
available test results summarized in Table 2 were not included in any of the existing
databases.
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Table 1. Summary of existing databases of axial compression tests on circular FRP-confined concrete specimens
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Lam and Teng [2, 3] 30 | 275 | Tube and wrap | CFRP, GFRP, AFRP, and HM CFRP | 18.0-62.4 | 0.03-2.30 | 51 -200 | 102 - 788
De Lorenzis and Tepfers [4] | 17 | 180 | Tube and wrap CFRP, GFRP, and AFRP 19.4-82.1 | 0.06-2.31 |51-219| 102 -438
Bisby et al. [5] 23 1197 Wrap CFRP, GFRP, and AFRP 15-103 - 50-300 -
Turgay et al. [6] 20 | 127 | Tube and wrap CFRP 17.4-171.0 | 0.032-0.95| 51-200| 102-610
Realfonzo and Napoli [7] 63 | 465 Wrap CFRP, GFRP 15.2-169.7 1 0.002 -2.22 | 51 -406 | 102 - 1824
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Table 2. Summary of test results included in the database
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Abdollahi et al. [54] 5 Wrap GFRP 150 300 14.8-41.7 1.24-3.32 1.54-12.04 | 0.06-0.43 2 N/A | AFL
Ahmad et al. [55] 2 Wrap GFRP 102 203 39.0 - 50.5 2.68 -2.96 - 0.55-0.73 Single N/A | N/A
Aire et al. [56] 6 Wrap CFRP, GFRP 150 300 42.0 0.97 - 2.57 3.33-13.17 | 0.09-0.71 3 HS AFL
Akogbe et al. [57] 12 Wrap CFRP 100 - 300 200 - 600 21.7-26.5 2.38-3.19 7.03-12.68 | 0.26-0.32 Single HS | AML
Almusallam [58] 4 Wrap GFRP 150 300 47.7 - 50.8 1.09 - 2.10 - 0.14 - 0.46 3 HL N/A
Al-Salloum [45] 2 Wrap CFRP 150 300 32.4-36.2 2.35-2.57 15.77 0.30-0.33 Single HS | AML
Au and Buyukozturk [59] 1 Wrap GFRP 150 375 24.2 1.81 6.19 0.26 3 HL | AML
Benzaid et al. [60] 4 Wrap CFRP 160 320 25.9-49.5 1.07 - 2.55 1.48 - 5.57 0.09 - 0.59 Single HL | AML
Berthet et al. [61] 42 Wrap CFRP, GFRP 160 320 25.0-52.0 1.12-4.15 2.18-13.50 | 0.07-0.95 Single HL | AML
Bisby et al. [62] 3 Wrap CFRP 150 300 34.4 1.25-1.28 242-2.73 0.10-0.13 Single N/A | N/A
Bisby et al. [63] 3 Wrap CFRP 100 200 28.0 1.89 -2.25 4.24-5.28 0.20-0.22 Single N/A | N/A
Bullo [64] 12 Wrap GFRP, HM CFRP 150 300 32.5 1.62 -4.17 3.36-19.53 | 0.11-0.60 Single HL AFL
Campione et al. [65] 1 Wrap CFRP 100 200 20.1 247 12.32 0.36 N/A N/A | N/A
Carey and Harries [66] 2 Wrap CFRP 152 - 254 305 - 762 33.5-38.9 1.40 - 1.41 3.47-4.04 0.15-0.17 >2 HL | AML
Comert et al. [67] 2 Wrap GFRP 150 300 39.0 1.56 - 1.64 9.92-10.86 0.23 Single HS AFL
Cui and Sheikh [68] 24 Wrap oy P 152 305 456-48.1 | 121-338 | 424-1392 | 0.07-048 | Single | HS | AML
Dai et al. [40] 9 Wrap AFRP 152 305 39.2 1.42 -3.01 9.75-22.52 | 0.09-0.39
Demers and Neale [69] 8 Wrap CFRP, GFRP 152 305 32.2-43.7 0.96-1.72 4.35-1048 | 0.07-0.24 Single HS AFL
Elsanadedy et al. [70] 6 Wrap CFRP 50 - 150 100 - 300 41.1-53.8 1.86 - 3.51 2.61 -4.54 0.20 - 0.59 2to5 N/A | AML
Erdil et al. [71] 2 Wrap CFRP 150 300 11.1-20.8 228-296 | 11.67-14.00 | 0.23-0.44 3 HS | AML
Evans et al. [72] 1 Wrap CFRP 150 300 373 1.73 6.31 0.28 Single HS AFL
Green et al. [73] 3 Wrap CFRP, GFRP 152 305 46.0 - 54.0 1.15-1.28 - 0.05-0.10 Single HS N/A
Harmon and Slattery [74] 4 Wrap CFRP 51 102 41.0 2.10 - 5.88 5.08-15.70 | 0.19-1.42 Single HS AFL
Harries and Carey [8] 4 Wrap, unbonded wrap GFRP 152 305 31.8 1.06 - 1.52 2.32 0.08 -0.21 >5 HL | AML
Harries and Kharel [75] 10 Wrap CFRP, GFRP 152 305 32.1 1.02 - 1.87 1.43-4.93 0.02 - 0.33 >5 HL AML
Hong and Kim [13] 2 Tube CFRP 300 600 17.5 4.32-4.58 | 14.33-18.51 1.11 Single HS | AML
Hosotani et al. [76] 2 Wrap CFRP, HM CFRP 200 600 41.7 2.16-2.23 441-6.18 0.23-0.25 Single N/A | N/A
Howie and Karbhari [77] 12 Wrap CFRP 152 305 38.6 1.09 -2.33 - 0.06 - 0.40 Single HL N/A
Ilki et al. [78] 5 Wrap CFRP 150 300 32.0 1.48 - 3.37 7.20-24.80 | 0.12-0.79 Single HS AFL
Ilki et al. [79] 12 Wrap CFRP 150 300 6.2 3.13-17.47 | 13.00-52.00 | 0.55-4.74 Single HS AFL
Issa [80] 3 Wrap CFRP 150 300 23.6-23.9 1.66 - 1.77 - 0.17-0.18 Single HL N/A
Issa and Karam [81] 9 Wrap CFRP 150 300 30.5 1.17-2.48 - 0.14 - 0.41 Single HL N/A
Jiang and Teng [32] 23 Wrap CFRP, GFRP 152 305 33.1-47.6 0.88 -4.24 2.66-17.05 | 0.06-0.99 Single HS | AML
Karabinis and Rousakis [82] 16 Wrap CFRP 200 320 35.7-38.5 1.08 - 1.89 1.26 - 8.99 0.07 - 0.23 Single N/A | AML
Karam and Tabbara [83] 2 Wrap CFRP 150 300 12.8 1.39-2.48 2.91-5091 0.29 - 0.59 2 HL AML
Karantzikis et al. [84] 2 Wrap, unbonded wrap CFRP 200 350 12.1 1.78 -2.42 5.27-8.73 0.22 3 N/A | AML




Karbhari and Gao [37] 3 Wrap CFRP 152 305 38.4 1.56 - 2.33 6.18-11.42 | 0.25-041 >3 HL AFL
Kono et al. [85] 15 Wrap CFRP 100 200 32.3-34.8 1.46 - 3.16 3.93-12.37 | 0.14-0.62 Single N/A | N/A
Lam and Teng [18] 18 Wrap CFRP, GFRP 152 305 34.3 -38.5 1.31-2.84 5.44 - 13.38 0.13-0.42 Single HS AML
Lam et al. [29] 6 Wrap CFRP 152 -152.5 304 - 305 38.9-41.1 1.28 -2.03 3.52-8.32 0.11-0.31 Single HS | AML
Lee et al. [86] 5 Wrap CFRP 150 300 36.2 1.15-2.88 4.17-1292 | 0.11-0.56 Single HL | AML
Liet al. [87] 1 Wrap GFRP 152.4 305 45.6 1.08 - 0.24 3 N/A | N/A
Li et al. [88] 2 Tube GFRP 150 300 47.5 1.07 - 1.80 2.25-5.25 0.09 - 0.15 N/A N/A | N/A
Liang et al. [89] 12 Wrap CFRP 100 200 22.7-259 2.4 -3.04 7.78 -12.27 | 0.29-0.44 Single HL AFL
Lin and Chen [38] 10 Wrap GFRP, HM CFRP 120 240 32.7 1.52-3.20 - 0.10 - 0.55 Single N/A | N/A
Lin and Li [90] 27 Wrap CFRP 100 - 150 200 - 300 17.7-25.9 1.92-5.23 - 0.19-1.23 3 HS N/A
Lin and Liao [91] 6 Wrap CFRP 100 200 23.9 2.57-3.91 - 0.51 - 0.96 Single N/A N/A
Mandal et al. [92] 9 Wrap CFRP, GFRP 102 - 105 200 30.7 - 54.5 1.17-2.58 1.33-11.41 0.16 - 0.74 3 N/A | AML
Mastrapa [10] 13 Wrap, unbonded wrap GFRP 152.5 305 29.8-37.2 0.90 - 3.10 7.96 -32.54 | 0.19-1.03 Single HS AFL
Matthys ct al. [11] 4 | Wrap, unbonded wrap | b 150 300 349 117-127 | 171-422 | 0.10-0.12 | Single | HS | AS

Micelli et al. [93] 2 Wrap CFRP, GFRP 102 204 32.0-37.0 1.61-1.62 4.93 -8.93 0.19-0.23 N/A N/A | N/A
Mirmiran et al. [9] 26 Wrap, unbonded wrap GFRP 152.5 305 29.8 -31.2 1.04 - 3.24 5.31-32.80 0.15-0.78 Single HS AFL
Miyauchi et al. [94] 10 Wrap CFRP 100 - 150 200 - 300 31.2-51.9 1.31-3.26 4.32-10.32 | 0.07-0.42 2 N/A AS

Miyauchi et al. [95] 6 Wrap CFRP 100 - 150 200 - 300 23.6 - 26.3 1.55-3.23 8.83-13.24 | 0.14-0.55 N/A N/A | N/A
Modarelli et al. [96] 3 Wrap CFRP, GFRP 150 300 28.4 - 38.2 1.64 - 1.95 2.37 -4.49 0.13-0.26 3 HS AFL
Nanni and Bradford [97] 17 Wrap GFRP, AFRP 150 300 35.6-36.3 1.13-5.40 9.21-4737 | 0.18-1.66 Single N/A | AFL
Ongpeng [98] 2 Wrap CFRP 180 500 27.0 1.38 - 1.90 - 0.12-0.25 Single N/A N/A
Owen [99] 8 Wrap CFRP 102 - 152 203 - 305 47.9-53.0 1.33-4.89 3.86-17.02 | 0.15-1.66 1to4 N/A | N/A
Ozbakkaloglu and Akin [39] 4 Wrap AFRP 152 305 39.0 1.72 -2.25 10.95-14.80 | 0.25-0.45 Single HS AFL
Ozbakkaloglu and Vincent [14] 24 Tube lefl\f/[’ élljllg;’ 74 - 302 152 - 600 34.0-55.0 1.06 -2.47 3.29-15.97 0.05-0.38 Single HS AFL
Park et al. [100] 12 Tube GFRP 150 300 - 450 32.0-54.0 1.69 - 3.82 7.73-15.69 | 0.11-0.58 Single N/A | AFL
Picher et al. [101] 1 Wrap CFRP 152 304 39.7 1.41 5.01 0.21 3 HL AFL
Piekarczyk et al. [102] 2 Wrap CFRP 47 112 55.0 2.18 -3.44 2.86 -4.00 0.52-0.86 Single N/A | N/A
Pon et al. [103] 8 Wrap CFRP 150 - 600 300 - 1200 7.1-9.6 1.73 - 4.68 - 0.28 - 1.30 N/A N/A | N/A
Rochette and Labossiére [104] 7 Wrap CFRP, AFRP 100 - 150 200 - 300 42.0-43.0 1.10 - 1.75 5.01-7.86 0.08 - 0.26 HL AFL
Rousakis [105] 20 Wrap HM CFRP 150 300 25.2-51.8 1.36 - 2.67 2.22-7.88 0.07 - 0.46 Single HS AFL
Rousakis et al. [26] 6 Wrap CFRP 150 300 20.4-49.2 1.61 -3.09 2.06 - 5.46 0.13-0.95 Single HS AML
Saafi et al. [12] 6 Tube GFRP, HM CFRP 152 435 35.0 1.51-2.77 4.00-12.00 | 0.07-0.40 3 HS AFL
Saenz and Pantelides [106] 4 Wrap CFRP 152 304 40.3 -47.5 1.72 - 2.68 3.79-9.49 0.22 - 0.59 3 HS AML
Santarosa et al. [107] 3 Wrap CFRP 150 300 15.3-28.1 1.37 -3.05 3.01 - 8.70 0.11-0.42 2 HS AS

Shahawy et al. [16] 9 Wrap CFRP 152.5 305 19.4-49.0 1.21-4.13 2.14-10.79 | 0.30-—4.00 5 HS | AML
Shao et al. [108] 2 Wrap GFRP 152 305 40.2 1.23-1.78 - 0.18 -0.37 Single HS N/A
Shehata et al. [109] 4 Wrap CFRP 150 300 25.6-29.8 1.71-2.42 5.86 - 8.29 0.19-0.41 9 N/A | N/A
Shehata et al. [110] 4 Wrap CFRP 150 - 225 300 - 450 34.0 1.29-2.41 3.10- 5.50 0.10 - 0.29 9 N/A | NA
Silva and Rodrigues [111] 7 Wrap GFRP 150 - 250 300 - 750 29.6-31.2 1.79 -3.03 4.54-11.33 | 0.20-0.58 Single HS N/A
Smith et al. [36] 4 Wrap CFRP 250 500 35.0 1.43-1.69 - 0.11-0.17 Single HS N/A
Song et al. [112] 12 Wrap CFRP 100 - 150 300 - 450 22.4 1.40 - 5.30 4.01-19.61 0.12-0.88 2 HS AFL
Stanton and Owen [30] 5 Wrap CFRP 152.5 305 49.0 1.41 -5.63 4.24 -19.51 0.11-0.90 N/A N/A | N/A

CFRP, GFRP,
Suter and Pinzelli [113] 16 Wrap AFRP, 150 300 33.3-54.0 1.14-3.12 1.16 - 8.92 0.09 - 0.46 >1 N/A | N/A
UHM CFRP
Tamuzs et al. [114] 4 Wrap CFRP 150 300 20.8 - 48.8 1.48 -2.03 3.21-5.48 0.25-0.62 Single HS AS
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Teng et al. [115] 6 Wrap GFRP 152.5 305 39.6 0.94 - 1.66 3.14-9.73 0.07 - 0.26 Single HS AML
Thériault et al. [116] 5 Wrap CFRP, GFRP 51-304 102 - 608 18.0 -37.0 1.73 - 3.89 - 0.25-1.15 3 N/A N/A
Valdmanis et al. [27] 6 Wrap CFRP 150 300 40.0 - 44.3 1.65 - 2.60 3.18 - 8.00 0.09 - 0.28 Single HS AML
Vincent and Ozbakkaloglu [117] 6 Wrap CFRP 152 305 35.5-38.0 1.21-1.74 3.79 —7.88 0.11-0.23 Single HS AFL
Vincent and Ozbakkaloglu [118] 12 Wrap, tube AFRP 152 305 49.4 2.09-2.24 12.59-15.76 | 0.30-0.42 Single HS AFL
Wang and Wu [33] 12 Wrap CFRP 150 300 309 -52.1 1.28 - 2.85 - 0.09 - 0.43 Single HS N/A
Wang and Wu [119] 18 Wrap AFRP 70 - 194 210 - 582 24.0-51.6 0.98 - 3.37 1.36 - 5.68 0.04 - 0.35 N/A N/A N/A
Wang and Zhang [120] 2 Wrap AFRP 150 450 47.3-51.1 1.73-1.78 6.01 - 6.99 0.20 - 0.22 Single N/A AS
CFRP, AFRP,
Watanabe et al. [28] 9 Wrap UHM CFRP 100 200 30.2 1.29 - 3.46 2.48 -24.13 0.14-0.79 N/A N/A N/A
Wong et al. [34] 4 Wrap GFRP 152.5 305 36.5-46.7 1.24-1.73 5.58 - 8.40 0.14-0.27 Single HS AML
Wu and Jiang [121] 4 Wrap CFRP 150 300 28.7 - 30.1 1.91 - 3.00 - 0.17-0.32 Single N/A | AML
Wu and Jiang [24] 34 Wrap CFRP 150 300 20.6 - 36.7 1.69 - 6.83 - 0.15-1.31 Single HS AML
Wuetal. [31] 4 Wrap Hgg&fgfw 150 300 23.0 1.96 - 2.30 i 0.15-023 | Single | HS | N/A
CFRP, GFRP,
Wu et al. [35] 10 Wrap AFRP, 150 300 23.1 1.94 - 3.55 4.49 - 14.04 0.15-0.42 Single HS AFL
UHM CFRP
Wu et al. [122] 2 Wrap AFRP 100 300 46.4 1.69 - 2.77 3.54 -7.37 0.17-0.34 Single N/A | AML
Xiao and Wu [15] 27 Wrap CFRP 152 305 33.7-55.2 1.05-2.83 1.66 - 15.27 0.06 - 0.51 Single HS AS
Yan et al. [123] 1 Wrap CFRP 305 610 15.2 2.49 5.50 0.39 Single HS AML
Youssef et al. [53] 40 Wrap CFRP, GFRP 152.4-406.4 | 304.8-812.8 | 29.4-44.6 1.44 -4.31 2.56 - 14.24 0.10 - 0.88 Single HS AML
Zhang et al. [124] 1 Wrap CFRP 150 300 343 1.73 10.50 0.30 5 N/A AFL
Specimen instrumentation notes:
HS denotes hoop strains were measured by strain gauges attached on the surface of specimens
HL denotes hoop strains were measured by lateral LVDTs, extensometers, or dial gauges mounted on specimens
AS denotes axial strains were measured by strain gauges attached on the surface of specimens

AFL denotes axial strains were determined from LVDTs or dial gauges mounted on loading platens to measure deformations along the full height of specimens
AML  denotes axial strains were determined from LVDTs, extensometers, or dial gauges mounted on specimens to measure deformations within a gauge length along the height of specimens
N/A denotes information that was either not applicable to the dataset or not available in the source document
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2.2 Selection criteria for the new database

The suitability of the results for the database was assessed using carefully established

selection criteria to ensure both the reliability and consistency of the test data. This resulted in

a final database of 832 datasets, which makes it by far the most comprehensive database

reported in the literature. The test results included in this database, summarized in Table 2

and presented in Tables 3 to 7 in Appendix, met the following requirements:

1) Only the specimens with unidirectional fibers orientated in the hoop direction were
included in the database.

2) Specimens with transverse and/or longitudinal steel or internal FRP reinforcement were
excluded.

3) Only the specimens that were confined with continuous FRP jackets were included.
Specimens with partial wrapping (i.e., FRP strips) were excluded.

4) Specimens with a height-to-diameter (H/D) ratio greater than three were excluded from
the database to eliminate the influence of specimen slenderness.

5) Specimens with unconfined concrete compressive strengths greater than 55 MPa were
excluded to limit the database to only normal-strength concrete.

6) Only the specimens that failed due to FRP rupture at the ultimate condition were
included. Specimens that failed prematurely due to other types of failure, such as FRP
shell debonding or premature failure due to excessive eccentricity were excluded.

7) Specimens for which the ultimate conditions were not recorded accurately due to
inadequate testing equipment or instrumentation errors were excluded.

8) Specimens reported with insufficient details in regards to material and geometric
properties were excluded.

The specimens that satisfied the above conditions, and hence were included in the test
database, were then subjected to an additional set of conditions to establish their suitability
for their inclusion in the assessment of the existing models and development of the new
model. The specimens with compressive strengths (f°..) and ultimate axial strains (g.,) that
deviated significantly from the global trends of relevant strength and strain enhancement ratios
(i.e. by limiting the variation of a given dataset from the trendline to maximum 40% for
fe/feo and 70% for e./e.,) were excluded in the model assessment and development. The
specimens that were excluded from the calculations of the strength and strain enhancement
ratios (f'../f'.o and e.,/e.,) are marked respectively with the superscripts ‘s’ and ‘a’ in Tables 3
to 7. Furthermore, the specimens with hoop rupture strain reduction factors (k) that deviated
significantly from the average values of the corresponding material (i.e. more than +20% of
average k.) are marked with the superscript “*’ in Tables 3 to 7, and they were excluded in the
development of the expression for the hoop rupture strain reduction factor (k). In addition to
these, datasets from specimens exhibiting a stress-strain curve with a descending second branch
(marked with superscript ‘d’ in database tables) and ones from specimens having tubes that
were fabricated using an automated manufacturing method (marked with superscript ‘fin’ in
database tables) were also excluded in the model development and assessment to limit the
investigation to specimens with ascending second branches and manually manufactured FRP
jackets.
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3. NEW TEST DATABASE

The complete test database assembled in the present study is displayed in Tables 3 to 7 in
Appendix. The database consists of the following information for each specimen:
confinement technique (wrapped or tube-encased concrete); specimen geometric properties
(diameter D and height H); unconfined concrete strength (f.,) and strain (e.); material
properties of the FRP shell (elastic modulus Ej,, tensile strength fj,, total thickness #;,);
material properties of the fibers used in the FRP shell (elastic modulus Ej, tensile strength f;
total thickness #); compressive strength (f.c) and ultimate axial strain (e.) of confined
concrete, and average FRP hoop strain at rupture (&j,,,); and hoop rupture strain reduction
factor based on fiber properties (k.,) and FRP material properties (k).

The test data presented in the database were sorted into eight groups based on two main
confinement parameters: confinement technique (wraps or tubes) and type of FRP material
[carbon FRP (CFRP); S- or E-glass FRP (GFRP); aramid FRP (AFRP); high-modulus carbon
FRP (HM CFRP); or ultra-high-modulus carbon FRP (UHM CFRP)]. 755 specimens in the
database were FRP-wrapped, whereas 77 specimens were confined by FRP tubes. 495 of the
specimens were confined by CFRP; 206 by GFRP; 79 by AFRP; 40 by HM CFRP; and 12 by
UHM CFRP.

The results of FRP-wrapped specimens are presented in Tables 3 to 6, categorized according
to fiber type, and the results of all FRP tube-encased specimens are given in Table 7. It is
worthwhile noting that for some of the datasets, a single entry in Tables 3 to 7 may represent
the average results of more than one nominally identical specimen, as reported in the original
study. These datasets are clearly marked in Table 2. In addition, a group of unbonded-
wrapped specimens tested by Harries and Carey [8], Mirmiran et al. [9], Mastrapa [10] and
Matthys et al. [11] were grouped under the category of tube-encased specimens in the
database. Furthermore, except for the datasets from Saafi et al. [12], Hong and Kim [13] and
Ozbakkaloglu and Vincent [14], all the datasets included in the database tables were obtained
from specimens that were confined by FRP shells (wraps or tubes) manufactured using a
manual hand lay-up technique. The specimens of Ozbakkaloglu and Vincent [14] and Hong
and Kim [13], on the other hand, were confined by FRP tubes that were manufactured using
an automated filament winding technique; and the specimens of Saafi et al. [12] were
confined with FRP tubes supplied by a manufacturer, with no specific manufacturing method
reported in the source document. These datasets are marked with a superscript fm " in Table 7
to highlight the fact that the FRP shells of these specimens were manufactured using an
automated manufacturing method rather than a manual one.

The diameters of the specimens (D) included in the test database varied between 47 and 600
mm, with the majority of the specimens having a diameter of 150 mm. The unconfined
concrete strength (f'.,) and strain (&), as obtained from concrete cylinder tests, varied from
6.2 to 55.2 MPa and 0.14% to 0.70%, respectively. The actual confinement ratio, defined as
the ratio of the actual ultimate confining pressure to the unconfined concrete strength
(fi.a/f'co), varied from 0.02 to 4.74. The FRP material properties reported in the database were
obtained either from the material test results (i.e., coupon or ring splitting tests) reported in
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the original study or the specifications provided by the manufacturers. The specimens with
FRP properties that differed significantly from the reference properties of the corresponding
material were marked with the superscript ‘m’ in Tables 3 to 7, to point to potential errors in
these properties.

3.1 Material properties of fibers and FRP composites reported in the database

In FRP-confined circular concrete sections, the lateral confining pressure (f;) provided by the
FRP shell can be assumed to be uniformly distributed around the circumference (Figure 1).
The confinement exerted by the FRP shell on the concrete core is passive; that is, this
pressure arises as a result of the lateral expansion of the concrete under axial compression. As
the FRP shell is subjected to tension along its hoop direction, the confining pressure (f)
increases proportionally with the lateral expansion until the eventual failure of the system
when the FRP shell ruptures. Based on the deformation compatibility between the confining
shell and the concrete surface and assumption of a uniform confining pressure distribution,
the lateral confining pressure applied to the concrete by the FRP shell at ultimate (f;,) can be
theoretically calculated from Eq. 1 as a function of the ultimate tensile strain of the fibers (&)).
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Figure 1. Confining action of FRP shell on concrete core: (a) FRP shell; (b) Concrete core

However, it has been well documented that the ultimate strain measured on the FRP shell at
the time of FRP hoop rupture (&) is often lower than the ultimate tensile strain of the
fibers (¢/) or FRP material (e5,,) (e.g. [3, 4, 8, 9, 11, 15-25]). Several causes have been given
for the observed differences between hoop rupture strains and material ultimate tensile
strains, including: (i) the quality of workmanship; (ii) overlaps of fiber sheets in the FRP
shell; (ii1) manufacturing imperfections (e.g., misalignment of fibers); (iv) shrinkage of the
concrete (for FRP tube-encased concrete); (v) localized or non-uniform effects caused by
imperfections in FRP shells and/or heterogeneity of cracked concrete; (vi) load eccentricities
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caused by specimen imperfections and/or test setup imprecisions; (vii) multiaxial stress
condition generated on the FRP shell; and (viii) effect of the curvature of the FRP shell.

To establish the relationship of the hoop rupture strain of the FRP shell (e,,,,) and the
ultimate tensile strain of the material (gr or &4,) , a strain reduction factor (k;) was defined by
Pessiki et al. [17] (Eq. 2). Lam and Teng [3] then defined a term called the actual confining
pressure (f1,.) (Eq. 3), by replacing the ultimate tensile strain (g or &4,,) of the material with
the hoop rupture strain of the FRP shell (&5,.,) in Eq. 1.

Eprp =Ko & o0 &)y =k, 5,85, (2)
B 2F A 3)
lu,a — D

In Eq. 2, due attention should be given to ensure that the strain reduction factors (ks or & s,)
are used consistently with the corresponding ultimate material tensile strain (e or €5,). In the
studies examined, the properties of the FRP confinement systems were reported in several
different ways. The reported details included: (i) the manufacturer specified properties of
fibers; (ii) the manufacturer specified properties of FRP (iii) FRP properties as determined
from flat coupon tests based on measured coupon thickness; (iv) FRP properties as
determined from flat coupon tests based on nominal fiber sheet thickness; and (v) FRP
properties as determined from ring-splitting tests. Only a small number of studies [10, 26, 27]
reported the FRP properties obtained from ring-splitting tests, and the majority of the studies
provided the properties obtained from flat coupon tests or supplied by manufacturers. As for
the FRP properties obtained from flat coupon tests, in some of the studies [18, 28-36] the
elastic moduli (Ej5,) and tensile stresses (f;,) were calculated based on nominal fiber
thickness instead of the measured thickness of flat FRP coupons. The datasets from these
studies are marked with the superscript ‘¢’ in Tables 3 to 7.

In the database provided in Tables 3 to 7, due attention was given to establish a clear
distinction between the fiber and FRP properties in the reported values of the elastic modulus
(Eyor Ejp), tensile strength (f or f;,), and total thickness (¢ or #;,) of the confining material.
In the model assessment and development, if a dataset included both fiber and FRP
properties, the model predictions were based on the fiber properties, unless the fiber
properties were marked with the superscript ‘f* indicating they were either incomplete or
established to be inaccurate based on the analysis of the database.

3.2 FRP confinement technique

A potentially important distinction, often recognized by the models assessed in the present
study, is the one that is made between FRP-wrapped and FRP tube-encased specimens.
Previously, both Mirmiran et al. [9] and Lam and Teng [2] reported that there was no
significant difference between the behaviors of FRP-wrapped and FRP tube-encased concrete
specimens. On the other hand, Saafi et al. [12] concluded that the ultimate condition of FRP-
confined concrete was influenced by the adopted confinement technique.

70



In the present study, the test database was sorted into two categories and the results of the
FRP-wrapped and FRP tube-encased specimens are presented in separate tables. Tables 3 to 6
show the results for FRP-wrapped concrete, whereas Table 7 reports the results for FRP tube-
encased specimens. Comparison of the trends of the strength and strain enhancement ratios of
FRP-wrapped specimens with those of FRP tube-encased specimens (Figures 2 and 3)
indicate that there are noticeable differences between the ultimate conditions of these two
groups of specimens. However, it is not possible to draw a definitive conclusion based on
these observations, as in the database the FRP-wrapped specimens significantly outnumber
the FRP tube-encased specimens. It is possible that observed differences might have been
caused partly or entirely by the differences in the data ranges and specimen distributions
between the two sets of test results.
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Figure 2. Variation of strength enhancement ratio with confinement ratio
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Figure 3. Variation of strain enhancement ratio with confinement ratio
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Figure 4. Influence of FRP type on ultimate conditions of FRP-confined concrete: (a)
compressive strength; (b) ultimate axial strain

3.3 Type of FRP material

Several previous studies have focused on the influence of the types of FRP materials on the
behavior of FRP-confined concrete (e.g., [3, 18, 37, 38]). Most of these studies reported that,
for a given confinement ratio (f3,./f), the compressive strength (f..) of FRP-confined
concrete is influenced only marginally by the type of FRP material; whereas, it was found
that the ultimate strain of FRP-confined concrete (e.,) is highly sensitive to the material
properties of the confining FRP. It is now understood that, for a given confinement ratio

72



(fi.a/f'co), the ultimate axial strain of the FRP-confined concrete increases with the increased
ultimate tensile strain (gror €5,) of the materials used in confining it. This understanding is
supported by the trends of the test results reported in the database of the present study
[Figures 4 (a) and (b)]. It is evident from these figures that the trend lines of the strain
enhancement ratios are sensitive to the type of FRP, whereas the strength enhancement ratio
is not highly influenced by changes in the type of FRP.

Given its direct influence on the actual confinement ratio (f;,./f'.,) and therefore the ultimate
condition of FRP-confined concrete, it is obvious that the accurate determination of hoop
rupture strains plays an instrumental role in the prediction of the ultimate condition of FRP-
confined concrete. The average values of the strain reduction factors determined from the
database reported in the present study (Table 8), point to the influence of the fiber type on the
strain reduction factor (k) and hence on the hoop rupture strains. This influence, which was
also reported previously in Ozbakkaloglu and Akin [39] and Dai et al. [40], is discussed
further later in the paper.

3.4 Instrumentation details of specimens reported in the database

The ultimate axial strains (e.,) and FRP hoop rupture strains (e5,.,») in the database are the
average values obtained by strain gauges or deformation measuring devices. In the previous
studies, a number of measurement methods were used to record the ultimate axial strains,
including: (i) strain gauges attached to the surface of FRP shells (AS); (ii) deformation
measuring devices, such as linear variable deformation transducers (LVDTs), extensometers
or dial gauges mounted between each platen of the axial compression test machine (AFL);
and (iii) measuring devices mounted within a certain gauge length along the height of the
specimens (AML).

Similarly, different measuring methods have been used in measuring the hoop strains,
including methods (i) and (ii1) noted above, with strain gauges or measuring devices oriented
in the hoop direction. Information regarding the specific methods in the measurement of both
of these strains is reported in the final column of Table 2 for each study included in the
database. For the specimens where multiple hoop strain gauges were used, such as the
specimens tested by Lam and Teng [18], Smith et al. [36], and Wu and Jiang [24], the
average values of the strain gauge measurements have been recorded in the database. In the
calculations of the average values, due attention was given to the exclusion of inconsistent
strain gauge readings, such as those coming from the overlap regions of FRP sheets.

3.5 Test database size and scatter

Test databases inherently produce a scatter of test results. Bisby et al. [5] reported that the
scatter of test results caused an average absolute error (A4E) of no less than 13% for the
strength enhancement ratio (f’../f’.,) and 35% AAE for the strain enhancement ratio (&.,/.,) in
their database of approximately 200 datasets. The natural scatter of the database reported in
the present study was lower than these thresholds, with AAE values of 11% and 23% for
strength and strain enhancement ratios respectively, even though the size of the database was
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significantly larger with 832 datasets. The relatively low scatter of this database was achieved
through the use of carefully chosen selection criteria in the collection of the test data, as
outlined previously, to ensure consistency and reliability.

As was reported previously in De Lorenzis and Tepfers [4], variability in material properties
of the test specimens, such as the stiffness of the FRP confining shell, the type and size of
aggregates used in the concrete mix, and the mix proportions and moisture content of the
concrete, contribute to the scatter found in test databases. As discussed in Section 3.4, the
differences in the instrumentation of the specimens and the setups used in testing them also
contribute significantly to scatter. In particular, the two key ultimate condition properties, the
ultimate axial strain (e,) and hoop rupture strain (ej.,), are highly sensitive to the
instrumentation arrangement used in specimen testing. Figure 5 shows the variation of the
strain enhancement ratios (e./¢.,) With the actual confinement ratios (f,./f’.0), as obtained
using different axial strain measurement methods. Only CFRP-wrapped specimens, which
formed the largest sub-group in the database, were included in Figure 5 in order to eliminate
the additional influences caused by differences in the type of FRP and the method of
confinement. Differences in the trendlines shown in Figure 5 suggest that the recorded
ultimate axial strains may be influenced by the measurement method used in their
determination.
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Figure 5. Influence of measurement method on ultimate strain of CFRP-wrapped concrete

Similarly, it should be expected that the average recorded hoop rupture strains (&, .,) Will be
influenced by the number and placement of strain gauges used in the measurement of these
strains. As reported originally in Lam and Teng [3], hoop strains measured within the overlap
regions of the FRP jackets are known to be lower than those measured elsewhere around the
perimeter of the same FRP jacket. It follows, therefore, that the differences in the hoop strain
gauge arrangements of the specimens included in the database are one of the main reasons for
the inherent scatter in the hoop rupture strain data reported in the database.
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4. ANEW DESIGN-ORIENTED MODEL

This section presents a new design-oriented model to predict the ultimate condition of FRP-
confined concrete. The model contains closed-form expressions that were developed using the
test database presented in Tables 3 to 7. Not all the datasets included in the database contained
all the relevant details required for the development of all the components of the model.
Furthermore, as discussed previously, the results that failed to satisfy the criteria outlined in
Section 2.2 were excluded from model development. The total number of datasets that were
used in the calibration of the hoop strain reduction factor (k;), strength enhancement coefficient
(k;), and strain enhancement coefficient (k) are given in Tables 8 to 10, respectively.

Table 8. Average hoop rupture strain reduction factor (k;) with FRP type and confinement
technique

Specimens ke Kafip
Number | SD | Average | Number | SD | Average

All 201 0.135| 0.675 150 0.125 | 0.709
All wrapped 186 0.134 | 0.675 146 0.126 | 0.707
CFRP wrapped 131 0.115| 0.680 116 0.127 | 0.682
GFRP wrapped 25 0.084 | 0.793 23 0.059 | 0.803
AFRP wrapped 8 0.087 | 0.732 7 0.066 | 0.809
HM CFRP wrapped 22 0.115] 0.493 - - -
UHM CFRP wrapped - - - - - -
All tube-encased 15 0.157 | 0.675 4 0.047 | 0.775
CFRP tube-encased 4 0.033 | 0.690 - - -
GFRP tube-encased 5 0.094 | 0.723 4 0.047 | 0.775
AFRP tube-encased 4 0.055| 0.775 - - -
HM CFRP tube-encased - - - - - -
UHM CFRP tube-encased 2 0.051 | 0.326 - - -

4.1 Hoop rupture strain of FRP-confined concrete

Table 8 provides the values of the strain reduction factors (k. and k& s,) determined from the
database presented in this paper. Using these values together with the ones obtained from the
tests of over 250 FRP-confined high-strength concrete specimens reported in Lim and
Ozbakkaloglu [41], the key parameters that influence the strain reduction factor were
indentified. It was found that the increase in either the compressive strength of concrete (f”.,)
or elastic modulus of confining fibers (E)) result in a decrease in the recorded hoop rupture
strains (&5,p) and hence in the strain reduction factors (k. and kj,). The former influence
was first reported in Ozbakkaloglu and Akin [39] and it can be attributed to the increased
concrete brittleness with increasing concrete strength, which alters the concrete crack patterns
from heterogenic microcracks to localized macrocracks. The observed dependence of the
strain reduction factor to the type of confining fibers was previously noted in Ozbakkaloglu
and Akin [39] and Dai et al. [40]. Further observations from the comprehensive database
reported in this study on the relationship between the elastic modulus of confining fibers (E))
and recorded hoop rupture strains (ej,,) indicate that the influence of the fiber brittleness on
the strain reduction factor resembles the aforementioned influence of the concrete brittleness
on the same factor. The statistical quantification of the influences of these two parameters
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resulted in the expression given in Eq. 4 for the calculation of the hoop rupture strain
reduction factor of fibers (k) . The expression is capable of predicting the k., for FRP-
confined concrete with an unconfined concrete strength up to 120 MPa, and confined by any
of GFRP, AFRP, CFRP, HM FRP or UHM CFRP.

k., =09-23f x107 —0.75E, x10°° “)

where f°., and Erare in MPa.

4.2 Compressive strength of FRP-confined concrete

The proposed compressive strength expression (Eq. 5) incorporates several important
parameters which were previously identified in Ozbakkaloglu et al. [1]. The strength
enhancement effect at the first peak stress (f”.;) of the stress-strain response is captured using
Eq. 6 as a function of the confinement stiffness of the FRP shell (X;). In order for the FRP-
confined concrete to achieve a strain-hardening response after the first peak stress (f”.;), the
stiffness of the FRP reinforcing shell (K;) has to exceed a minimum threshold value. The
confining pressure at the corresponding condition is defined as the threshold confining
pressure (Eq. 7) and can be estimated based on the corresponding hoop strain (g;;) (Eq. 8) in
the FRP shell. As the proposed strength expression (Eq. 5) is only applicable to specimens
that achieves strength enhancement after the first peak stress (f°.;), the expression satisfies the
confinement stiffness threshold requirement as given in Eq. 9. The prediction of the strength
enhancement effect after the first peak stress (f°.;) is based on the net confining pressure, that
is, the reduced actual confining pressure (fy,,) after subtraction of the threshold confining
pressure (f;,). The strength enhancement effect generated by the net confining pressure is
quantified using the coefficient of strength enhancement (k;) in Eq. 5. It was found that
establishing the compressive strength expression based on the net confining pressure yields
an improved model prediction especially for specimens with higher unconfined concrete
strengths (f7c,).

fl=efly + kil fua = 1) )
¢ = L —1+ 0.0058£f (6)
S =Ki&y (7)
£, = [0.43 +0.009 ﬁjg (8)
K - 2ETftf and K, > f11 ©)

where K; and f’, are in unit MPa. It should be noted that the expression given in Eq. 5 is
intended for FRP-confined concrete exhibiting a stress-strain curve with an ascending second
branch. To this end, a statistically established condition equation, which is based on the
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observed influence of the confinement stiffness (K;) and concrete strength (f°.,) on the trend
of the second branch, is given in Eq. 9 as part of the proposed expression.

Table 9 summarizes the values of the strength enhancement coefficient (k;) calibrated from
the database for different types of FRP materials and confinement methods. It should be
noted that the k; values of the UHM CFRP-wrapped and HM and UHM CFRP tube-encased
specimens are not presented in the table due to unreliability of the results caused by very
limited number of available datasets. Additional experimental results are required to be able
to determine reliable k; values for these specific subgroups. In the absence of these results,
the average value of k; established from the database (i.e. k; = 3.2) can be used for
conservative estimates of these specimens.

Table 9. Variation of strength enhancement coefficients (k;) with FRP type and confinement
technique

. ki
Specimens Number | R’ | Average
All 753 0.799 3.22
All wrapped 684 0.806 | 3.26
CFRP wrapped 426 |0.870 | 3.67
GFRP wrapped 149 0.759 | 249
AFRP wrapped 67 0.889 | 3.30
HM CFRP wrapped 34 0.772 | 4.96
UHM CFRP wrapped 8 - -
All tube-encased 69 0.759 | 2.94
CFRP tube-encased 14 0.907 2.87
GFRP tube-encased 36 0.731 2.92
AFRP tube-encased 12 0.811 2.95
HM CFRP tube-encased 3 - -
UHM CFRP tube-encased 4 - -

4.3 Ultimate axial strain of FRP-confined concrete

As reported in Ozbakkaloglu et al. [1] almost all of the better performing ultimate strain
enhancement expressions proposed in the literature have non-linear forms in their predictions
of the strain enhancement ratio (e../¢.,) as a function of confinement ratios (f;,./f o) (€.g. [42,
43]). This is due to the dependency of the strain enhancement ratio (e./€.) to the ultimate
tensile strain of the material (e or ¢€5,), in addition to the confinement ratio (fi,./f'c0), as was
pointed out in a number of previous studies [3, 18, 37, 39]. To develop unified strain
enhancement expressions for different types of FRP materials in model presented in this
paper, the axial strain (g.) was quantified as a non-linear function of the confinement
stiffness (K;), hoop rupture strain (&), and unconfined concrete strength (f°.,), as given in
Eq. 10. In the equation, k; is the coefficient of strain enhancement and ¢, (Eq. 11) is the
concrete strength factor, which is incorporated into the proposed expression to allow for the
change in the shape of the stress-strain curve of unconfined concrete with the variation of
concrete strength (f°.,). In Eq. 10, the axial strain corresponding to the unconfined concrete
peak strength (eg.,) is determined by the expression given by Tasdemir et al. [44] (Eq. 12).
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Table 10. Variation of strain enhancement coefficients (k;) with FRP type and confinement technique

Specimens All, k; AS, k; AFL, k» AML, &,

P Number | R’ | Average | Number | R° | Average | Number | R’ | Average | Number | R’ | Average
All 511 0.786 | 0.271 53 0.583 | 0.270 179 10.831 | 0.297 215 0.723 | 0.261
All wrapped 462 | 0.753 | 0.266 50 0.564 | 0.271 134 1 0.809 | 0.296 215 0.723 | 0.261
CFRP wrapped 282 | 0.682 | 0.267 48 0.546 | 0.269 53 0.677 | 0.296 143 0.660 | 0.259
GFRP wrapped 109 10.820 | 0.262 - - - 40 0.719 | 0.281 60 0.765 | 0.249
AFRP wrapped 36 0.613 | 0.265 2 1.000 | 0.339 15 0.847 | 0.355 8 0.981 | 0.334
HM CFRP wrapped 30 0.688 | 0.320 - - - 26 0.714 | 0.320 4 0.863 | 0.321
UHM CFRP wrapped 5 - - - - - - - - - - -
All tube-encased 49 0.883 | 0.298 3 0.433 | 0.258 45 0.870 | 0.299 - - -
CFRP tube-encased 12 0.959 | 0.268 - - - 11 0.965 | 0.272 - - -
GFRP tube-encased 22 0.862 | 0.298 3 0.433 | 0.258 19 0.797 | 0.300 - - -
AFRP tube-encased 12 0.351 | 0.302 - - - 12 0.351 | 0.302 - - -
HM CFRP tube-encased 3 - - - - - 3 - - - - -
UHM CFRP tube-encased - - - - - - - - - - - -

Specimen instrumentation notes:
AS

AFL
AML

specimens
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denotes axial strains were determined from axial axial strain gauges mounted on the surface of the specimens at mid-height of specimens
denotes axial strains were determined from LVDTs or dial gauges mounted on loading platens to measure deformations along the full height of specimens
denotes axial strains were determined from LVDTs or dial gauges mounted on the specimens to measure deformations within a gauge length along the height of
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In Egs. 11 and 12, f°,, is in MPa.

Table 10 summarizes the values of the strain enhancement coefficient (k;) values calibrated
from the database for different types of FRP materials, confinement methods and axial strain
measurement methods. As discussed previously in Section 3.5, the magnitude of the recorded
ultimate axial strains may be influenced by the methods used in the measurement of the strains.
In Table 10, in addition to the average values of the strain enhancement coefficients (k;), its
specific values obtained from each of the three aforementioned axial strain measurement
methods are also given. As can be seen in Table 10, k; is not sensitive to FRP type and hence it
is recommended that an average value of k; = 0.27 can be used in Eq.10 independent of FRP
material type.

4.4 Comparison with test data

Figure 6 shows comparisons of the strength and strain enhancement (f../f ., and €./eco)
predictions of the proposed model with results from the database presented in this paper.
These comparisons indicate that the model predictions are in close agreement with the test
results, which are quantified through the use of statistical indicators: average absolute error
(AAE) to establish overall model accuracy; mean (M) to establish average overestimation or
underestimation of the model; and standard deviation (SD) to establish the magnitude of the

associated scatter. The details of the assessment procedure can be found in Ozbakkaloglu et
al. [1].

To establish the relative performance of the proposed model, its prediction statistics were
compared with those of a group of selected models, which were identified as the best
performing models [3-5, 7, 32, 42, 43, 45-53] among over 80 existing models reviewed in
Ozbakkaloglu et al. [1] and a few additional models proposed in 2012 and 2013. The lists of
the 10 most accurate strength and strain models are given in Tables 11 and 12, respectively,
together with their prediction statistics for strength and strain enhancement ratios (f’../f ., and
Ea/€co). Figures 7(a) and 7(b), respectively, show the average absolute errors (A4E) of the
strength and strain enhancement ratio predictions of these models. The comparisons of the
model prediction statistics shown in Figure 7 and Tables 11 and 12 demonstrate the improved
accuracy of the proposed model over the best performing existing models. The improvement
on the prediction of the ultimate strain enhancement ratio (e../¢.,) is particularly significant,
which is achieved through the use of an expression (Eq.10) that accurately captures the
relative influences of the key parameters. It might be worth noting that in the evaluation of
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the models, the experimentally recorded hoop rupture strains (&s,.,,) wWere used rather than the
values or expressions recommended by the original models for the calculation of ¢, .. In the
absence of the experimental values, €., was established using the average value of k., or
k. s, reported in Table 8 in the assessment of the existing models, and it was calculated from
Eq.4 in the assessment of the proposed model. It might be worth noting that the proposed
model would have outperformed the existing models even more significantly if the hoop
rupture strains were established using the original model expressions.
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Figure 6. Comparison of model predictions of: (a) strength enhancement ratios (f’../f"c,) and
(b) strain enhancement ratios (&.,/.,) with experimental data
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Proposed model
Teng et al. [48]
Lam and Teng [3]

Wau and Zhou [52] 12.4% |
Wu and Wang [51] 12.7%
Al-Salloum and Siddiqui [45] 12.7%
Wei and Wu [50] 12.j7%
Realfonzo and Napoli [7] 12:.7%

Bisby et al. [5]

12.4% |

12.8%

Jiang and Teng [32] 12.9%
10% 11% 12% 13% 14%
AAE in predictions of strength enhancementratio (f°./f".,)
(a)
Proposed model
Tamuzs et al. [43] .
Wei and Wu [50] 28.7%
Binici [46] 29.2%
Jiang and Teng [42] 29.5%
Youssefet al. [53] 30.0%
Teng et al. [49] 30.2%
Fahmy and Wu [47] 30.5%
Teng et al. [48] 30.5%
De Lorenzis and Tepfers [4] 31.3%
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AAE in predictions of strain enhancementratio (¢,,/¢.,)
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Figure 7. Average absolute error in model predictions of: (a) strength enhancement ratios
(f’ce/f co), (b) strain enhancement ratios (&.,/&co)
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Table 11. Statistics of strength enhancement ratio (f°../f.,) predictions of best performing
models

Prediction of f../f"co

Model Test data Average Mean Standard

Absolute (%) Deviation

Error (%) (%)
Proposed model 753 11.2 99.6 13.7
Teng et al. [48] 753 11.8 98.8 14.5
Lam and Teng [3] 753 12.4 99.4 15.3
Wu and Zhou [52] 753 12.4 102.1 15.5
Wu and Wang [51] 753 12.7 101.4 15.7
Wei and Wu [50] 753 12.7 101.5 15.7
Al-Salloum and Siddiqui [45] 753 12.7 101.7 15.8
Realfonzo and Napoli [7] 753 12.7 103.2 15.8
Bisby et al. [5] 753 12.8 101.9 15.8
Jiang and Teng [32] 753 12.9 93.9 14.6
Table 12. Statistics of strain enhancement ratio (&.,/€.,) predictions of best performing models

Prediction of ¢../cc0
Model Test data Average Mean Standard
Absolute (%) Deviation
Error (%) (%)

Proposed model 511 21.7 100.5 27.2
Tamuzs et al. [43] 511 26.3 108.4 35.0
Wei and Wu [50] 511 28.7 98.0 35.8
Binici [46] 511 29.2 92.3 34.8
Jiang and Teng [42] 511 29.5 116.1 38.5
Youssef et al. [53] 511 30.0 112.5 39.0
Teng et al. [49] 511 30.2 117.6 39.0
Fahmy and Wu [47] 511 30.5 99.5 38.9
Teng et al. [48] 511 30.5 117.0 39.3
De Lorenzis and Tepfers [4] 511 31.3 77.9 27.9

5. CONCLUSIONS AND RECOMMENDATIONS

This paper has presented a comprehensive test database of 832 datasets that was assembled
by the authors through an extensive review of the literature that covered 253 experimental
studies published on the compressive behavior of FRP-confined concrete. Initially, 3042 test
results were collected from the published literature. The suitability of these results for the
database was then assessed using carefully composed selection criteria to ensure the
reliability and consistency of the database. Using the criteria to refine the contents of the
database resulted in a final database size of 832 datasets collected from 99 experimental
studies published between 1992 and the middle of 2013. Key features of each study included
in the database, including the range of the key test parameters and the specimen
instrumentation information, have been summarized and important observations regarding
these studies have been marked on the database tables. The database that has been presented
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in this paper will serve as a valuable reference document for future model development
efforts. In the final part of the paper, a design-oriented model for predicting the ultimate
conditions of FRP-confined concrete is presented. The proposed model provides improved
predictions of the compressive strength and ultimate axial strain of FRP-confined concrete
compared to the existing models.

Based on the observations made during the compilation of the experimental database, the

following conclusions can be drawn:

1.  Analysis of the results reported in the database indicate that the average values of the
hoop strain reduction factors based on fiber and FRP properties (k. and k) are equal
to 0.675 and 0.709, respectively. The observed variation of the average k. values
according to fiber type points to the possible influence of the type of fibers on the strain
reduction factor.

2.  Two key ultimate condition properties, namely ultimate axial strain (¢,) and hoop
rupture strain (x,,), are both highly sensitive to the instrumentation arrangement used
in specimen testing. Therefore, the variability in the instrumentation arrangements used
in different studies contributes to scatter in the database.

3. There are differences between the strength and strain enhancement ratios of FRP-
wrapped and FRP-tube encased specimens included in the database of the present
study. However, due to the differences between the number and parametric ranges of
FRP-wrapped and FRP tube-encased specimens, it is not possible to draw a definitive
conclusion based on these observations.

As noted previously, it was not possible to include all the test results published in the
literature in the database presented in this paper, due to a lack of information in regards to the
material properties, geometric properties or ultimate conditions of these specimens.
Therefore, in future studies, effort should be made to ensure that the results of the
experiments are presented with a complete set of information, providing as much relevant
information as possible about the material and geometric properties of the specimens, test
setup and instrumentation, recorded capacities of the specimens and their failure modes.
Furthermore, in future experimental studies due consideration should be given to the
instrumentation of the specimens for the accurate measurement of ultimate axial strains and
hoop rupture strains.
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NOMENCLATURE

AAE
Ci
C2
D
Ly
Ejip
See
f "co
Sen
I
S
fi
S
S
Siua

gcu

&frp
&h, rup
€11

Average absolute error

Parameter in ultimate strength expression

Parameter in ultimate strain expression

Diameter of concrete core (mm)

Elastic modulus of fibers (MPa)

Elastic modulus of FRP material (MPa)

Ultimate axial compressive stress of FRP-confined concrete (MPa)
Peak axial compressive stress of unconfined concrete (MPa)
Axial compressive stress of FRP-confined concrete at first peak (MPa)
Ultimate tensile strength of fibers; f; = Eer(MPa)

Ultimate tensile strength of FRP material; /5, = Ej €5p (MPa)
Confining pressure (MPa)

Threshold confining pressure (MPa)

Nominal lateral confining pressure at ultimate; £, = Kieror fi, = Kiegipy (MPa)
Actual lateral confining pressure at ultimate; f;,, = Kj &, rup (MPa)
FRP confined concrete specimen height (mm)

Lateral confinement stiffness (MPa); K; = 2 Etty/D or 2 Ejpts,,/D
Axial strength enhancement coefficient

Axial strain enhancement coefficient

Hoop strain reduction factor

Hoop strain reduction factor of fibers

Hoop strain reduction factor of FRP material

Mean

Standard deviation

Total nominal thickness of fibers (mm)

Total thickness of FRP material (mm)

Axial strain of unconfined concrete at f°,,

Axial strain of FRP-confined concrete at /7.,

Ultimate axial strain of FRP-confined concrete

Ultimate tensile strain of fibers

Ultimate tensile strain of FRP material

Hoop rupture strain of FRP shell

Hoop strain of FRP-confined concrete at f°.;

84



REFERENCES

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

Ozbakkaloglu, T., Lim, J. C, and Vincent, T., (2013). "FRP-confined concrete in
circular sections: Review and assessment of stress—strain models." Eng. Struct., 49, p.
1068-1088.

Lam, L., and Teng, J. G., (2002). "Strength models for fiber-reinforced plastic-confined
concrete." ASCE J. Struct. Eng., 128(5), p. 612-623.

Lam, L., and Teng, J. G., (2003). "Design-oriented stress-strain model for FRP-
confined concrete." Constr. Build. Mater., 17(6-7), p. 471-489.

De Lorenzis, L., and Tepfers, R., (2003). "Comparative study of models on
confinement of concrete cylinders with fiber reinforced polymer Composites." ASCE J.
Compos. Constr., 7(3), p. 219-237.

Bisby, L.A., Dent, A. J. S., Green, M. F., (2005). "Comparison of confinement models
for fiber-reinforced polymer-wrapped concrete." ACI Struct. J., 102(1), p. 62-72.
Turgay, T., Koksal, H. O., Polat, Z., and Karakoc, C., (2009). "Stress-strain model for
concrete confined with CFRP jackets." Materials and Design, 30(8), p. 3243-3251.
Realfonzo, R. and Napoli, A., (2011). "Concrete confined by FRP systems:
Confinement efficiency and design strength models." Composites Part B: Engineering,
42, p. 736-755.

Harries, K.A., and Carey, A., (2002). "Shape and ‘gap’ effects on the behavior of
variably confined concrete." Cem. Concr. Res., 33(6), p. 873-880.

Mirmiran, A., Shahawy, M., Samaan, M., El Echary, H., Mastrapa, J. C., and Pico, O.,
(1998). "Effect of Column Parameters on FRP-confined Concrete." ASCE J. Compos.
Constr., 2(4), p. 175-185.

Mastrapa, J.C., (1997). "Effect of construction bond on confinement with fiber
composites." Masters, University of Central Florida, Orlando, Fla.

Matthys, S., Taerwe, L., and Audenaert, K., (1999). "Tests on axially loaded concrete
columns confined by fiber reinforced polymer sheet wrapping." Proc. 4th Int. Symp. On
Fiber Reinforced Polymer Reinforcement for Reinforced Concrete Structures, Detroit.
Saafi, M., Toutanji, H. A., and Li, Z., (1999). "Behavior of concrete columns confined
with fiber reinforced Polymer tubes." ACI Struct. J., 96(5), p. 500-509.

Hong, W.K., and Kim, H. C., (2004). "Behavior of concrete columns confined by
carbon composite tubes." Can. J. Ci. Eng., 31(2), p. 178-188.

Ozbakkaloglu, T. and Vincent, T., (2013). "Axial compressive behavior of high- and
ultra high-strength concrete-filled FRP tubes." J. Compos. Constr., (Submitted).

Xiao, Y., and Wu, H., (2000). "Compressive behavior of concrete confined by carbon
fiber composite jackets." J. Mater. Civ. Eng., 12(2), p. 139-146.

Shahawy, M., Mirmiran, A., and Beitelman, T., (2000). "Tests and modeling of carbon-
wrapped concrete columns." Composites Part B: Engineering., 31(471 - 480).

Pessiki, S., Harries, K. A., Kestner, J., Sause, R., and Ricles, J. M., (2001). "The axial
behavior of concrete confined with fiber reinforced composite jackets." ASCE J.
Compos. Constr., 5(4), p. 237-245.

Lam, L., and Teng, J. G., (2004). "Ultimate condition of FRP-confined concrete."
ASCE J. Compos. Constr., 8(6), p. 539-548.

85



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ozbakkaloglu, T., and Oehlers, D. J., (2008). "Concrete-filled Square and Rectangular
FRP Tubes under Axial Compression." ASCE J. Compos. Constr., 12(4), p. 469-477.
Ozbakkaloglu, T., and Oehlers, D. J., (2008). "Manufacture and testing of a novel FRP
tube confinement system." Eng. Struct., 30, p. 2448-2459.

Cui, C., and Sheikh, A., (2009). "Behaviour of normal and high strength concrete
confined with fibre reinforced polymers (FRP)." Masters, Univ. of Toronto.
Ozbakkaloglu, T., (2012). "Concrete-filled FRP Tubes: Manufacture and Testing of
New Forms Designed for Improved Performance." ASCE J. Compos. Constr., 17(2), p.
280 -291.

Ozbakkaloglu, T., (2012). "Axial Compressive Behavior of Square and Rectangular
High-Strength Concrete-Filled FRP Tubes." ASCE J. Compos. Constr., 17(1), p. 151-
161.

Wu, Y.-F. and Jiang, J.-F., (2013). "Effective strain of FRP for confined circular
concrete columns." Composite Structures, 95, p. 479-491.

Ozbakkaloglu, T., (2013). "Compressive behavior of concrete-filled FRP tube columns:
Assessment of critical column parameters." Engineering Structures, 51, p. 188-199.
Rousakis, T., You, C., De Lorenzis, L., and Tamuzs, V., (2003). "Concrete Cylinders
Confined by Carbon FRP Sheets Subjected to Monotonic and Cyclic Axial
Compressive Loads." Proc. 6th Int. Symp. On FRP Reinforcement for Concrete
Structures.

Valdmanis, V., De Lorenzis, L., Rousakis, T., and Tepfers, R., (2007). "Behaviour and
capacity of CFRP-confined concrete cylinders subjected to monotonic and cyclic axial
compressive load." Structural Concrete, 8(4), p. 187-190.

Watanabe, K., Nakamura, R., Honda, Y., Toyoshima, M., Iso, M., Fujimaki, T.,
Kaneto, M., and Shirai, N., (1997). "Confinement effect of FRP sheet on strength and
ductility of concrete cylinders under uniaxial compression." Proc. Non-metallic
Reinforcement for Concrete Structures.

Lam, L., Teng, J. G., Cheung, C. H., and Xiao, Y., (2006). "FRP-confined concrete
under cyclic axial compression." Cem. Concr. Compos., 28(10), p. 948-958.

Stanton, J.F., and Owen, L. M., (2006). "The Influence of Concrete Strength and
Confinement Type on the Response of FRP-Confined Concrete Cylinders." ACI Special
Publication October 2006, 238, p. 347-362.

Wu, G, Ly, Z. T., and Wu, Z. S., (2006). "Strength and ductility of concrete cylinders
confined with FRP composites." Constr. Build. Mater., 20(3), p. 134-148.

Jiang, T., and Teng, J. G., (2007). "Analysis-oriented stress-strain models for FRP-
confined concrete." ASCE J. Eng. Struct., 29(11), p. 2968-2986.

Wang, L.M., and Wu, Y. F., (2008). "Effect of Corner Radius on the Performance of
CFRP-Confined Square Concrete Columns: Test." Eng. Struct., 30(2), p. 493-505.
Wong, Y.L., Yu, T., Teng, J. G., and Dong, S. L., (2008). "Behavior of FRP-confined
concrete in annual section columns." Composites Part B: Engineering., 39, p. 451-466.
Wu, G.,, Wu, Z. S., Lu, Z. T., and Ando Y. B., (2008). "Structural Performance of
Concrete Confined with Hybrid FRP Composites." J. Reinf. Plas. Compos., 27(12), p.
1323-1348.

86



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Smith, S.T., Kim, S. J. and Zhang, H., (2010). "Behavior and Effectiveness of FRP
Wrap in the Confinement of Large Concrete Cylinders." ASCE J. Compos. Constr., 14,
p. 573-582.

Karbhari, V.M., and Gao, Y., (1997). "Composite jacketed concrete under uniaxial
compression-verification of simple design equations." J. Mater. Civ. Eng., 9(4), p. 185-
193.

Lin, H.J., and Chen, C. T., (2001). "Strength of concrete cylinder confined by
composite materials." J. Reinf. Plas. Compos., 20(18), p. 1577-1600.

Ozbakkaloglu, T., and Akin, E., (2011). "Behavior of FRP-confined normal- and high-
strength concrete under cyclic axial compression." ASCE J. Compos. Constr., 16(4), p.
451-463.

Dai, J.G., Bai, Y. L., and Teng, J. G., (2011). "Behavior and modeling of concrete
confined with FRP composites of large deformability." ASCE J. Compos. Constr.,
15(6), p. 963-973.

Lim, J.C. and Ozbakkaloglu, T., (2013). "Confinement model for FRP-confined high-
strength concrete." J. Compos. Constr., 18(4), 04013058.

Jiang, T., and Teng, J. G., (2006). "Strengthening of short circular RC columns with
FRP jackets: a design proposal." Proc. 3rd Int. Conf. on FRP Composites in Civil
Engineering, Miami, Florida, USA.

Tamuzs, V., Tepfers., R, Zile, E., and Ladnova, O., (2006). "Behavior of concrete
cylinders confined by a carbon composite III: deformability and the ultimate axial
strain." Mech. Compos. Mater., 42(4), p. 303-314.

Tasdemir, M.A., Tasdemir, C., Jefferson, A.D., Lydon, F.D., and Barr, B.1.G., (1998).
"Evaluation of strains at peak stresses in concrete: A three-phase composite model
approach." Cement and Concrete Research, 20(4), p. 301-318.

Al-Salloum, Y., and Siddiqui, N., (2009). "Compressive Strength Prediction Model for
FRP-Confined Concrete." Proc. 9th Int. Symp. On Fiber Reinforced Polymer
Reinforcement for Concrete Structures, Sydney, Australia. .

Binici, B., (2005). "An analytical model for stress-strain behavior of confined
concrete." Eng. Struct., 27(7), p. 1040-1051.

Fahmy, M., and Wu, Z., (2010). "Evaluating and proposing models of circular concrete
columns confined with different FRP composites." Composites Part B: Engineering.,
41(3), p. 199-213.

Teng, J.G., Huang, Y. L., Lam, L., and Ye, L., (2007). "Theoretical model for fiber
reinforced polymer-confined concrete." ASCE J. Compos. Constr., 11(2), p. 201-210.
Teng, J.G., Jiang, T., Lam, L. and Luo, Y., (2009). "Refinement of a Design-Oriented
Stress-Strain Model for FRP-Confined Concrete." ASCE J. Compos. Constr., 13(4), p.
269-278.

Wei, Y.Y. and Wu, Y.F., (2012). "Unified stress-strain model of concrete for FRP-
confined columns." Construction and Building Materials, 26(1), p. 381-392.

Wu, Y.F. and Wang, L.M., (2009). "Unified strength model for square and circular
concrete columns confined by external jacket." Journal of Structural Engineering,
135(3), p. 253-261.

87



52.

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

64.

65.

66.

Wu, Y.F., and Zhou, Y., (2010). "Unified Strength Model Based on Hoek-Brown
Failure Criterion for Circular and Square Concrete Columns Confined by FRP." ASCE
J. Compos. Constr., 14(2), p. 175-184.

Youssef, M.N., Feng, M. Q., and Mosallam, A. S., (2007). "Stress-strain model for
concrete confined by FRP composites." Composites Part B: Engineering., 38(5-6), p.
614-628.

Abdollahi, B., Bakhshi, M., Motavalli, M., and Shekarchi, M., (2007). "Experimental
modeling of GFRP confined concrete cylinders subjected to axial loads." Proc. The 8th
Int. Symp. on Fiber Reinforced Polymer Reinforcement for Concrete Structures, Patras,
Greece.

Ahmad, S.M., Khaloo, A. R., and Irshaid, A., (1991). "Behaviour of concrete spirally
confined by fiberglass filaments." Mag. Concr. Res., 43(56), p. 143-148.

Aire, C., Gettu, Casas, J., Marques, S. and Marques, D., (2010). "Concrete laterally
confined with fibre-reinforced polymers (FRP): experimental study and theoretical
model." Materiales de Construccion, 60, p. 297.

Akogbe, R.K., M. Liang, and Wu, Z. M, (2011). "Size effect of axial compressive
strength of CFRP confined concrete cylinders." Int. J. Conc. Struct. Mater., 5(1), p. 49-
55.

Almusallam, T.H., (2007). "Behaviour of normal and high-strength concrete cylinders
confined with E-glass/epoxy composite laminates." Composites Part B: Engineering.,
38, p. 629-639.

Au, C., and Buyukozturk, O., (2005). "Effect of fiber orientation and ply mix on fiber
reinforced polymer-confined concrete." ASCE J. Compos. Constr., 9(5), p. 397-407.
Benzaid, R., Mesbah, H., and Chikh, N., (2010). "FRP-confined Concrete Cylinders:
Axial Compression Experiments and Strength Model." J. Reinf. Plas. Compos., 29(16),
p. 2469-2488.

Berthet, J.F., Ferrier. E., and Hamelin. P., (2005). "Compressive behavior of concrete
externally confined by composite jackets. Part A: experimental study." Constr. Build.
Mater., , 19(3), p. 223-232.

Bisby, L., Take, W. A., and Caspary, A., (2007). "Quantifying strain variation FRP
confined using digital image correlation: proof-of-concept and initial results." Asia-
Pacific Conference on FRP in Structures.

Bisby, L.A., Chen, J. F., Li, S. Q., Stratford, T. J., Cueva, N., and Crossling, K., (2011).
"Strengthening fire-damaged concrete by confinement with fibre-reinforced polymer
wraps." Eng. Struct, 33, p. 3381-3391.

Bullo, S., (2003). "Experimental study of the effects of the ultimate strain of fiber
reinforced plastic jackets on the behavior of confined concrete." Proc. of the Int. Conf.
Compos. in Constr., Cosenza, Italy.

Campione, G., Miraglia, N., and Scibilia, N., (2001). "Compressive behaviour of RC
members strengthened with carbon fibre reinforced plastic layers." Advances in
Earthquake Engineering, 9, p. 397-406.

Carey, S.A., and Harries, K. A., (2005). "Axial behavior and modeling of confined
small, medium, and large scale circular sections with carbon fiber-reinforced polymer
jackets." ACI Struct. J., 102(4), p. 596-604.

88



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Comert, M., Goksu, C., and Ilki, A., (2009). "Towards a tailored stress-strain behavior
for FRP confined low strength concrete." Proc. 9th Int. Symp. On Fiber Reinforced
Polymer Reinforcement for Concrete Structures, Sydney, Australia.

Cui, C., and Sheikh, A., (2010). "Experimental Study of Normal- and High-Strength
Concrete Confined with Fiber-Reinforced Polymers." ASCE J. Compos. Constr., 14(5),
p. 553-561.

Demers, M., and Neale, K. W., (1994). "Strengthening of concrete columns with
unidirectional composite sheets." Proc. Developments in Short and Medium Span
Bridge Engineering, Montreal, Que.

Elsanadedy, H.M., Al-Salloum, Y.A., Alsayed, S.H., and Igbal, R.A., (2012).
"Experimental and numerical investigation of size effects in FRP-wrapped concrete
columns." Construction and Building Materials, 29, p. 56-72.

Erdil, B., Akyuz, U., and Yaman, 1. O., (2011). "Mechanical behavior of CFRP
confined low strength concretes subjected to simultaneous heating-cooling cycles and
sustained loading." Mater. Struct., (223-233).

Evans, J., Kocman, M. and Kretschmer, T., (2008). "Hybrid FRP Confined Concrete
Columns." Honours, The School of Civil, Environmental and Mining Engineering,
Univ. of Adelaide., Adelaide, Australia.

Green, M.F., Bisby, L. A., Fam, A. Z., and Kodur, V. K. R., (2006). "FRP confined
concrete columns: behaviour under extreme conditions." Cem. Concr. Res., 28(10), p.
928-993.

Harmon, T.G., and Slattery, K. T., (1992). "Advanced composite confinement of
concrete." Proc. Advanced Composite Materials for Bridges and Structures I, Montreal,
Canada.

Harries, K.A., and Kharel, G., (2002). "Behavior and modeling of concrete subject to
variable confining pressure." ACI Mater. J., 99(2), p. 180-1809.

Hosotani, K., Kawashima, K., and Hoshikuma, J., (1997). "A model for confinement
effect for concrete cylinders confined by carbon fiber sheets." NCEER-INCEDE
Workshop on Earthquake Engineering Frontiers of Transportation Facilities, State
Univ. of New York, Buffalo, NY.

Howie, 1., and Karbhari, V. M., (1994). "Effect of materials architecture on
strengthening: efficiency of composite wraps for deteriorating columns in the North-
East." Proc. 3rd Materials Engineering Conference, San Diego.

Ilki, A., Kumbasar, N., and Koc, V., (2002). "Strength and deformability of low
strength concrete confined by carbon fibre composite sheets." Proc. 15th Engineering
Mechanics Conference, New York, NY.

Iki, A., Kumbasar, N., and Koc, V., (2004). "Low strength concrete members
externally confined with FRP sheets." Struct. Eng. Mech, 18(2), p. 167-194.

Issa, C.A., (2007). "The effect of elevated temperatures on CFRP wrapped concrete
cylinders." Proc. 8th Int. Symp. On Fiber Reinforced Polymer Reinforcement for
Concrete Structures, Patras, Greece.

Issa, C.A., and Karam, G. N., (2004). "Compressive strength of concrete cylinders with
variable widths CFRP wraps." Proc. 4th Int. Conf. on Advanced Composite Materials
in Bridges and Structures, Calgary, Alberta, Canada.

89



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Karabinis, A.I., and Rousakis, T. C., (2002). "Concrete confined by FRP material: a
plasticity approach." ASCE J. Eng. Struct., 24(7), p. 923-932.

Karam, G.N., and Tabbara, M., (2004). "Corner effects in CFRP wrapped square
columns." Mag. Concr. Res., 56(8), p. 461-464.

Karantzikis, M., Papanicolaou, C. G. Antonopoulos, C. P., and Triantafillou, T. C.,
(2005). "Experimental investigation of nonconventional confinement for concrete using
FRP." ASCE J. Compos. Constr., 9(6), p. 480-487.

Kono, S., Inazuni, M., and Kaku, T., (1998). "Evaluation of confining effects of CFRP
sheets on reinforced concrete members." Proc. 2nd Int. Conf. on Composites in
Infrastructures.

Lee, J., Yi C., Jeong, H., Kim, S., and Kim, J., (2009). "Compressive Response of
Concrete Confined with Steel Spirals and FRP Composites." J. Compos. Materials.,
44(4), p. 481-504.

Li, G., Maricherla, D., Singh, K., Pang, S. S., and John, M., (2006). "Effect of fiber
orientation on the structural behavior of FRP wrapped concrete cylinders." J. Compos.
Struct., 74(4), p. 475-483.

Li, Y., and Ou, (2007). "Compressive behavior and nonlinear analysis of selfsensing
concrete-filled frp tubes and frp-steel composite tubes." Proc. 8th Int. Symp. On Fiber
Reinforced Polymer Reinforcement for Concrete Structures, Patras, Greece.

Liang, M., Wu, Z.-M., Ueda, T., Zheng, J.-J., and Akogbel, R., (2012). "Experiment
and modeling on axial behavior of carbon fiber reinforced polymer confined concrete
cylinders with different sizes." Journal of Reinforced Plastics and Composites, 31(6),
p- 389-403.

Lin, C., and Li, Y., (2003). "An Effective Peak Stress Formula for Concrete Confined
with Carbon Fibre Reinforced Plastics." J. Civ. Eng.,, 30, p. 882-889.

Lin, H.J., and Liao, C. 1., (2004). "Compressive strength of reinforced concrete column
confined by composite material." J. Compos. Struct., 65(239 - 25