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ABSTRACT: Carbon fiber jacketing is an efficient technique for increasing the strength and strain capacity of concrete circular
and square section columns subjected to axial load, although confinement efficiency decreases for rectangular cross-section
members. The research project BIA 2016-80310-P includes an experimental program on intermediate-size plain concrete specimens
strengthened with carbon fiber jackets, mostly with square and rectangular cross-sections. The results, alongside others with
similar characteristics from two databases published, are compared to predictions of four international guides. The incidence of
the key parameters in the experimental results is analyzed, such as the aspect ratio of the section, the effective strain in FRP jacket
attained at failure or the rounded corner radius. As a result, two efficiency strain factors are proposed, one for circular and another
for rectangular specimens. The predictions contained in certain guides, based on a simple linear design-model, are improved by
using the proposed efficiency strain factor for rectangular sections.
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RESUMEN: Andalisis experimental y modelos de resistencia adoptados por distintas guias internacionales para pilares de
hormigon confinados con FRP sometidos a compresion centrada. El refuerzo con encamisados de fibra de carbono es una técnica
eficaz para aumentar la resistencia y la capacidad de deformacion de pilares de hormigén de seccion circular y cuadrada sometidos
a carga axial, si bien la eficiencia del confinamiento disminuye en elementos de seccion rectangular. El proyecto de investigacion
BIA 2016-80310-P incluye un programa experimental sobre probetas de hormigén en masa de tamafio intermedio reforzadas con
camisas de fibra de carbono, en su mayor parte de seccion cuadrada y rectangular. Los resultados obtenidos, junto con los de otros
ensayos de caracteristicas similares incluidos en dos bases de datos publicadas, se comparan con las predicciones de cuatro guias
internacionales. Se analiza la incidencia de parametros claves en los resultados experimentales, tales como la relacion de aspecto
entre lados de la seccion, la deformacion efectiva de la camisa en la rotura o el radio de redondeo de la esquina. Como resultado,
se proponen dos factores de eficiencia de deformacion, uno para probetas circulares y otro para rectangulares. Las predicciones de
alguna de las guias, basadas en modelos de disefio de tipo lineal simple, mejoran al emplear el factor de eficiencia de deformacion
propuesto para secciones rectangulares.

PALABRAS CLAVE: Hormigén; Materiales compuestos; Resistencia a compresion; Confinamiento; Refuerzo estructural.
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1. INTRODUCTION

Nowadays there is an ever increasing need to reuse/
recycle existing means. This also occurs in the con-
struction field where numerous ageing buildings and
infrastructures need to be upgraded. Fiber reinforced
polymers (FRPs) feature excellent properties for use
as structural strengthening. Among others, the use of
FRP jackets has proven to be an effective technique
to improve the resistance and strain capacity of re-
inforced concrete (RC) members subjected to axial
compression (1). The grounding of this reinforcement
technique by FRP confinement is widely known. In a
column subjected to axial load, the concrete dilates
laterally, and this expansion is restrained by the ex-
ternal FRP jacket that provides a confining pressure
acting on the concrete core. Unlike steel, FRPs are
linear elastic materials and confinement pressure can
increase up to the failure point. Failure occurs, main-
ly, due to tensile failure of the fibers of the jacket.
The axial stress-strain behavior of FRP-confined con-
crete follows an approximately bi-linear ascending
response when sufficient amount of reinforcement is
applied.

Numerous experimental studies have been carried
out on the behavior of FRP-confined concrete, most
of them on small circular section specimens (2-3). Al-
though to a lesser extent, tests have also been per-
formed on non-circular section specimens, where
confinement is less efficient (4-8). The lower efficien-
cy for rectangular cross-section is due to the confining
action seem to be focused mainly at the corners rather
than around the entire perimeter, meaning the confin-
ing stress field is non-uniform (9-14).

Different theoretical models have been proposed, both
analysis-oriented models and design-oriented ones. The
analysis-oriented models predict the stress-strain be-
havior of FRP-confined concrete, generally, through
an iterative process. Among others, the proposal for
circular columns made by Spoelstra and Monti (10),
certain approaches for square columns (11) or the
generalized model for FRP full and partial confine-
ment arrangements (12) are particularly noteworthy.
While the analysis models are usually more accu-
rate, their application tends to be laborious. The
design-oriented models provide simple semi-em-
pirical formulations to calculate the increase in
strength and deformation of concrete as a function
of the FRP confinement pressure and the properties
of the unconfined concrete. They are usually based
on approaches devised for circular columns, which
are then modified by reduction factors related to the
two key parameters: the effect of confinement in
non-circular sections and the effective strain in the
FRP jacket.

The design-oriented models are mostly adopted
by the different international design recommenda-
tions (13-16). The Lam and Teng model of 2003
(17) is worthy of special mention and its approach

was adopted with slight modifications by the ACI
guide (13). Likewise, the proposal contained in the
fib 90 guide (15) is somewhat similar. Teng et al.
proposed two modified versions of this model in
2009 (18) based on new expressions for the ulti-
mate axial strain and concrete strength in which the
confinement stiffness and the jacket strain capacity
are incorporated separately. This new approach was
adopted by the latest revision of the Technical Re-
port TR55 (14).

The most accepted “shape factor” to take into ac-
count the effect of the confinement in rectangular sec-
tions is based on the “arc effect”, taken from the one
used in confinement by steel stirrups. However, there
are other proposals such as the different patterns of
the stress distribution over an FRP confined square
section by Lin and Teng (11) or the TR55 guide (14)
that assumes conservative values for average confin-
ing stress, rather than explicitly defining an effective-
ly confined area.

The effective strain in the FRP at failure is a key
parameter. The ultimate strength of the confined con-
crete is closely related to the value of the reinforce-
ment’s failure strain. Numerous experimental studies
have shown that its value is somewhat lower than the
ultimate strain obtained from standard tensile tests.
For rectangular sections the effective ultimate strain
can be affected by the corner radius or the side-aspect
ratio (8). Empirical values of the strain efficiency fac-
tor (ratio of the FRP effective strain to the ultimate
tensile strain in uniaxial tension) are enormously di-
vergent in the literature and there is no consensus in
the design guidelines.

The work submitted belongs to the research pro-
ject BIA 2016-80310-P, funded by AEI (Research
State Agency of Spanish Ministry of Science and
Innovation) and FEDER (European Regional De-
velopment Fund). The project aims to contribute to
the research on the behavior of FRP confined rein-
forced concrete columns with square and rectangu-
lar cross-sections. To accomplish this, a theoretical
and experimental study on the effect of confine-
ment in intermediate-size columns with rectangular
section has been carried out. The efficiency reduc-
tion due to the aspect ratio of the section has been
investigated, along with the effective strain of the
FRP jacket.

The study’s scope is limited to non-slender plain
concrete columns strengthened with fully wrapping
of carbon FRP to provide passive confinement. The
fibers are applied orthogonally to the axis member
with a proper overlap length following the indica-
tion of the FRP suppliers. It is valid solely for con-
crete columns subjected to axial compression loads
(non-bending). The unconfined compressive strength
of the concrete is not higher than 50 N/mm? and the
ultimate confined concrete axial strain must be limit-
ed to 0.01, following the recommendations of the ACI
and TR55 guides.

Materiales de Construccion 71 (344), October-December 2021, €266. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2021.11521


https://doi.org/10.3989/mc.2021.11521

Experimental analysis and design strength models adopted by international guides for FRP-confined concrete columns subjected... * 3

2. CONCRETE COMPRESSIVE STRENGTH
ACCORDING TO FOUR INTERNATIONAL
GUIDES

The approach of four international guides to predict
the strength gain obtained in rectangular section con-
crete columns has been reviewed. These are namely:
Technical Report ACI-440.2R-17 (13), TR55 (14), fib
bulletin 90 (15) and CNR-DT200_R1 (16).

2.1 FRP jacket confinement

The improvement of concrete strength in the ret-
rofitted column depends on the confinement that the
FRP jacket can attain. The confinement is more ef-
ficient in circular cross-section members, where the
FRP confining pressure (f)) can be considered uniform
over the entire perimeter (Figure 1).

The confining pressure exerted by the FRP jack-
et (f)) can be evaluated using an equilibrium analysis
similar to that employed to obtain the circumferen-
tial stresses in thin wall cylinders, Equation [1]. The
FRP materials feature an elastic lineal behavior up to
failure. The confining pressure can be expressed as a
function of the modulus of elasticity (E)), total thick-
ness (t) and tensile strain of the FRP jacket, as well as
the diameter (D) of the concrete column. Experimen-
tal studies have shown that the ultimate hoop rupture
strain of the FRP (called effective strain in the FRP at
failure) is lower than the ultimate tensile strain. The
maximum lateral confinement (f) occurs for the FRP
effective strain (g, ), Equation [2j

2o0tt=Dfi [1]
2 Eftefe
=" [2]

For rectangular sections, the FRP confinement is
non-uniform and is most concentrated at the corners.
Moreover, the FRP effective strain is lower than the
strain achieved in circular columns. The models,
mostly based on approaches for circular sections, in-
corporate factors that take these circumstances into
account. It should be noted that the confined concrete
stress over a rectangular section is uneven due to the
non-uniformity of the FRP confinement. The concrete
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FRP jacket

FiGure 1. Confinement of circular cross-section.

Concrete column

strength is commonly accepted to be the average ax-
ial stress calculated as the axial load divided by the
cross-sectional area for plain concrete columns.

2.2 Guides’ strength equations

The Table 1 outlines the equations to calculate
the strength enhancement ratio (f /f) in circular and
non-circular cross-sections columns due to the FRP
confinement in line with the four international guides
(13-16). This formulation is dedicated to continuous
FRP wrapping and fibers installed transversally to the
longitudinal axis of the strengthened member. The
equations are expressed using a common nomencla-
ture to facilitate comparison. The partial safety fac-
tors of the materials considered by each guide must
be added.

The Table 1 details the limitations contained in
the guide for which the proposed equations are valid,
such as the maximum value of the aspect ratio of
the section (b/h) or the unconfined concrete strength
(f). Furthermore, each guide proposes a minimum
value of the confinement ratio (f/f)) from which the
FRP confinement would be effective. This means the
strengthened columns would display bilinear stress-
strain curves with a second ascending branch or, at
least, that certain strength gain could be expected.
For rectangular sections with an aspect ratio higher
than 2 (ACI, fib and CNR), or even 1.5 (TRS55), the
effectiveness of the reinforcement is questioned. The
reduction factors for rectangular section used by the
guidelines are given in Table 2.

The following nomenclature has been used in the
tables:

- Parameters related to the cross-section: where-
by “D” is the diameter of circular section (for
non-circular sections, D is the equivalent diame-
ter); “b” is the width of rectangular section; “h”
is the larger side of rectangular section; “R” is
the corner radius of rectangular section; “A” is
the gross area of the concrete section, “A ” is the
effectively confined concrete area and “p,” is the
longitudinal steel reinforcement ratio.

- Parameters related to the FRP material: whereby
“E;” is the tensile modulus of the fiber; “t” is the
total fiber thickness; “t.” is the one ply fiber thick-
ness; “n” is the number of FRP layers; “¢_ " is the
FRP ultimate strain, “¢.” is the effective strain in
the FRP at failure, “f” is the confinement pressure
exerted by the FRP jacket; “f .~ is the effective
confinement pressure by CNR and “p,” is the vol-
umetric ratio of FRP reinforcement.

- Parameters related to the concrete: whereby “f” is
the unconfined concrete axil compressive strength
(for TRSS, £=0.85f , with f equal to the char-
acteristic concrete strength); “f ” is the confined
concrete axial compressive strength; “f_/f” is the
strength enhancement ratio and “g )" is the axial
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strain of the unconfined concrete at the peak stress
(usually, equal to 0.2% for f <50 N/mm?).

- Reduction factors: whereby “y” is an additional
reduction coefficient contained in the ACI guide;
“k,” is the FRP strain efficiency factor; “k ” is
the shape reduction factor considered in the ACI
guide; “p,” and “p” are the confinement and
strain ratio of TRS5 guide, “a. ” is a shape coeffi-
cient used by fib 90; “k ” is the effectiveness fac-
tor for FRP confined rectangular columns; “k,,” is
the shape reduction factor for CNR guide and *“n ”
is an environmental factor contained in the CNR
guide.

2.3 Analysis of the strength predictions

For rectangular cross-sections, the confine-
ment efficiency decreases as the aspect ratio of

the section (b/h) increases. It is also influenced by
the corner radius of the rectangular section (R),
columns with a smaller radius appear to display
a lower FRP strain efficiency factor (g /¢, ). In
addition, the confinement efficiency depends on
the unconfined concrete strength (f), the effect of
FRP jacket confinement is limited in high strength
concrete. The guides assume all these known cir-
cumstances, although their proposals diverge,
among others, on two key issues: the effect of
confinement in non-circular sections and the FRP
effective strain.

For the following analysis, the predictions by us-
ing the guides’ strength equations are calculated for
sections with the same gross concrete area (A ) and
different cross-section shapes (circular, square and
rectangular with b/h=1.5 and 2). The considered gross
concrete area (A ) is equal to 90000 mm* and the
FRP jacket has t=0.39 mm, E=230000 N/mm?* and

TaBLE 1. Guide’s formulations for assessment of the strength enhancement ratio.

Guide Effective confinement pressure Strength enhancement ratio Limitations
fi
A >0.08
ZEftkSEfu fcc f] c
1=—73 T =1+ w33k b, h <900 mm
ACI-440.2R-17 c c N
—] <
Non-circular: D = Vb2 + h? (g¢ = 0.95) (b) <2
f.< 70 N/mm?
2E¢t
Circular: Pk =77F
€c2 0.01
Pk =
Egt fee ¢
TR55 Non-circular: px = 7 e 1+ 5.25(kepy — O.Ol)ps R, =20 mm
_C
<€c2) RC ¢ h
. (5)=15
. _ Ke€fu,
Both: Pe = —
f. = 0.85 f.y
fi
ZEftk Ef — > 0.07
—_— £ . fcc fl f,
1 D Circular: — =1+ 3.3+ ¢
fe fe
b 90 by\? f
f forn > 4 t = n%85¢; ) oy (—) 1 >007
Non circular: 5 h/ f.
2b+h fc_c—1+330< (E)E h
Non-circular: D = o [ =) f, (E) <2
1 f
flefr = ki - prErere l'feff > 0.05
C
f fiefr) /> h
CNR-DT 200 Rl Circular: Pr = = o1y 2,6( "feff) (E) <2
C [
Non-circular: ps = 220+ 1) b, h <900 mm
on-circular: pf = bh R, =20 mm
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TABLE 2. Guide’s factors.

Guide

Strain efficiency factor

Shape factor

*5

ACI-440.2R-17

ke = 0.55

Circular: k, =1

Non-circular: k,

_ﬁ(k)z
T Ac\h

[(2) (0~ 2R + (1) (0 — 2R)?]
. 1- 3A, Py

A 1—pg

>

Circular: k; = 0.6

TR 55 Non-circular:

Circular: ke =

2R,
=10.46 0.14 _ci . —Re b
[ ( h ) + ] Non-circular: ke = (1 + h)
Rc R 2
Ze b
ke = [0'5 50 (2 50) Re <50 mm Non-circular: o, (H)
ﬁb 90 0.5 R, = 50 mm

(Circular: R = D/2)

A, . (b—2R)?+(h—2R)?
A 3A,

CNR-DT 200_R1 Efe = mln{

Yt

Nafhu_ 0.004}

Circular: ky =1

(b—2R()?+(h-2R)?

Non-circular: ky = 1 —
3A,

£, =0.17%. No partial safety factors have been used
with regard to materials.

Figure 2 shows the strength enhancement ra-
tio (f /f) versus unconfined concrete strength (f)
for the different section shapes by using the ACI-
440 2R and fib 90 guides, considering a corner ra-
dius (R) of 30 mm (Figure 2.a) and 50 mm (Figure
2.b). As expected, the strength enhancement for the
square section is lower than for the circular section,
this difference being greater for the lower values
of the unconfined concrete strength. For rectangu-
lar sections with an aspect ratio equal to 1.5 and 2,
the strength improvement is somewhat smaller and

fib 90 / ACI-440_2R (dotted)

2.0
\ —circular |
h —h/b=1
18 —h/b=15 "
o —h/b=2
1.6 N
g \
T s
1.4 e
1.2 e e |
i TREER RS
4 Bl e
1.0 t t {
15 20 25 30 35 40 45 50
fc (N/mm?)
a)

requires a low unconfined concrete strength for the
reinforcement to be effective. For the larger corner
radius (R =50 mm), the prediction of the square sec-
tion is closer to the circular section. For the square
and rectangular sections, the ACI predictions are
lower than fib ones, the difference being greater for
the larger corner radius.

Figure 3 shows the strength enhancement ratio
(f /f) versus unconfined concrete strength (f)) for the
square and rectangular (h/b=1.5) sections calculated
by the four guides. The sections have the equivalent
area and the CFRP strengthening above mentioned.
The corner radius considered is 30 mm.

fib 90 / ACI-440_2R (dotted)

2.0 '
: —circular
1 —h/b=1
18 & } —h/b=1.5"
s —h/b=2
1.6
<
o
8 \‘ \“\
1.4 B o N
A Sy i
12 e T
e N e S e P S
S e S i -
T T e ree—e————
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15 20 25 30 35 40 45 50
fc (N/mm?)
b)

Ficure 2. Strength enhancement ratio vs unconfined concrete strength for different sections by using the ACI and fib
guidelines: a) R =30 mm, b) R =50 mm (A =90000 mm?, t=0.39 mm, E=230000 N/mm?, ¢, =0.17%).
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SQUARE SECTION (h/b=1)
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RECTANGULAR SECTION, h/b=1.5
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FiGure 3. Strength enhancement ratio vs unconfined concrete strength for square and rectangular sections (h/b=1.5) by four guidelines
(A ,=90000 mm?, t=0.39 mm, E=230000 N/mm?, ¢, =0.17%, R =30 mm).

For square sections, the prediction is more con-
sistent. For rectangular sections with an aspect ra-
tio equal to 1.5, the ACI and fib guidelines are more
conservative than the others. The strength equation
of TR55 guide comes from the model of Teng et al.
(18) but this guide uses a numerical coefficient of 5.5
instead of the original value of 3.5. In the graph the
strength prediction of the model (18) is plotted in dot
line, which is more in line with the rest of the guides,
especially for square sections.

The equivalent diameter for rectangular cross-sec-
tion considered by the guides differs. ACI adheres to
Lam and Teng’s proposal (17) and uses the diameter
of the equivalent circle that circumscribes the rectan-
gular section. The fib guide uses the diagonal of a cir-
cular section that has the same FRP volumetric ratio
as the original rectangular section (CNR follows the
same approach). Both parameters are related to the
shape of the section and the ratio of the ACI equiva-
lent diameter to the fib one is constant for each aspect
ratio (b/h). The ACI equivalent diameter is higher and

Unjacketed
Area Rc
4 45° ?\ W
A b' b
FRP — | Y J
N /
b h'=h-2Rc _
h
a)

this has a bearing on ACI strength predictions being
lower.

2.4 Shape factor

Certain international guides use a shape factor
(Table 2) calculated from the ratio of the effective
confinement area and the gross area of the column
cross-section (A /A ). The CNR and fib 90 guides
follow the same approach, assuming that only the
concrete within the area cordoned off using four pa-
rabolas that intersect the edges at 45° is effectively
confined, Figure 4.a. The ACI guide uses a modified
version, in which the initial slopes of the parabolas
are the same of the adjacent diagonal lines, Figure
4.b. This modification prevents the ratio (A /A ) be-
coming negative if the aspect ratio (h/b) is greater
than 2.6 and the corners are not rounded. The coef-
ficient “k  proposed by TRSS5 guide is not related to
this approach, this code assumes a simpler average

/ \
/ \ AN
/ A\
/ ffective 7 \
! Confinement el !
| Area e | b
1 "
\ D - ,l
\ s /
\ . e /
= /
\ _z /
\ 4
\, //
N\ /
N ,
N, e
b 7
> S h - 4

FiGure 4. Effective confinement area according to: a) CNR-DT 200_R1, b) ACI-440.2R-17.
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FIGURE 5. Shape reduction factors for different rectangular sections (R =30 mm) by using the ACI and fib guidelines: a) Ratio of effec-
tively confined concrete area: (A /A ), b) Shape factor: (b/h)*(A /A ).

confining stress approach, rather than explicitly defin-
ing an effectively confined area.

The expressions match in square sections without
steel longitudinal reinforcement. However, for rec-
tangular ones with an aspect ratio equal to 1.5 and 2,
the values of (A /A ) calculated with fib (and CNR)
guidelines are more conservative, Figure 5.a. How-
ever, the shape factors of fib and ACI guides are ob-
tained by multiplying the ratio (A /A ) by the square
of the aspect ratio (b/h). As can be seen in Figure 5.b,
these shape factors are ultimately similar, with the fib
shape factor being slightly more conservative. For
rectangular sections, the action of incorporating the
factor (b/h)?, minimizes the incidence of the different
calculation of (A /A).

In collaboration with the Technological Insti-
tute of Aragon (ITAINNOVA), a numerical model
based on the finite element method (FEM) has been
carried out via Abaqus software. Circular and rec-
tangular columns were modelled to study the inci-

5, 533

{Avg: 7504)
-2.130e+01
-2.18%+01
-2.14Be+01
-2.3072+01
-2.367 401
-2.426e+01
-2.485e+01
-2.5442 +01
-3.503e+01
-2.662e+01
-2.722e+01
-2.781+01
-2.840e+01

dence of different variables such as the amount of
FRP reinforcement or the corner radius. The FEM
model allows us to study the non-uniform confine-
ment in the rectangular section. Figure 6 shows
the stress distribution in circular and rectangular
cross-section. The stress distribution for rectan-
gular turns out to be similar to that proposed by
the guides. However, the graph shows confinement
stresses, although lower, outside the effectively
confined area, not considered by the guides for rea-
sons of simplicity (11).

2.5 Strain efficiency factor

The FRP effective strain (g, ) achieved in axial load
tests are much lower than the ultimate tensile strain
obtained using the tensile coupon test method (g, ).
There are a number of possible reasons for this, such
as multiaxial stress-state, stress concentrations due

S, 533

(Avg: 75%)
-2.130e+01
-2.189%a+01
-2.248e+01
-2.307e+01
-2.367e+01
-2.426e+01

-2. +

-2.603e+01
-2.662e+01
-2.722e401
-2.781e+01
-2.840e+01
-2.843e401

FIGURE 6. Stress distribution from the FEM Model: a) circular section (D=350 mm and two CFRP layers), b) rectangular section
(375 x 250 mm?, R =40 mm and three CFRP layers).
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to concrete failure, or a curved shape of the jacket,
especially at corners with a low radius for square or
rectangular columns.

There is no consensus on the design guidelines
regarding the strain efficiency factor value (g /¢, ).
ACI-440.2R-17 proposes a factor equal to 0.55, for
both circular and rectangular sections, based on the
average value reported by several researchers. fib
Bulletin 90 proposes a strain efficiency factor equal
to 0.5 for circular sections, and lower values, depend-
ing on the radius of the corners, for rectangular col-
umns. TR55 also recommends lower values for the
strain factor in rectangular sections, depending on
the corner radius and the longest side of the section.
CNR-DT200 R1 does not distinguish between circu-
lar and rectangular sections and, in practice, limits the
FRP effective strain to 0.004 in order to avoid exces-
sive cracking on the concrete.

2.6 Ultimate axial strain of the confined concrete

The guides propose another set of equations to cal-
culate the ultimate concrete axial strain for the FRP
strengthened column. The experimental studies have
shown it is possible to obtain significant increases in
strain capacity. However, for practical applications,
high values of concrete axial strains should be avoid-
ed, since, even if the FRP jacket is far from failure,
the internal concrete will be highly cracked and the
column would not be able to withstand transversal
forces. Certain design guides (ACI, TR55) recom-
mend considering a maximum value of the ultimate
concrete strain of 0.01.

3. CIRCULAR CONCRETE SPECIMENS
STRENGTHENED WITH CFRP JACKETS

The research project includes tests, mostly, on
square and rectangular concrete specimens strength-
ened with carbon FRP jackets, Figure 7. Some circu-

lar specimens were also tested; these are detailed in
this section.

3.1 Circular tests of the research project

Four plain concrete specimens with circular
cross-section have been tested under centered com-
pression. They were strengthened applying one ply
of unidirectional carbon-fiber reinforced polymer
(CFRP) along the full height using the hand lay-up
technique.

The CFRP had a nominal fiber thickness of 0.129
mm per ply and the following mechanical properties:
a mean value for ultimate strength of 4161 N/mm?, a
tensile modulus of 236918 N/mm?* (E,) and a mean
value for ultimate strain of 0.01776 (¢, ). The fibers
were placed orthogonally to the axis member. The
CFRP overlap length was 100 mm.

Eight electrical strain gauges were glued to the FRP
jacket on the mid-height, four arranged axially and
the other four, laterally. The axial deformations were
also measured with four linear variable-displacement
transducers (LVDTs). The load, strains and LVDT
displacements were monitored using an electronic
data acquisition system. Axial compression tests were
conducted using a hydraulic jack.

The Table 3 shows the main tests parameters, such
as: the diameter specimen (D); the height (H); the
total fiber thickness (t) and the unconfined concrete
strength (f), obtained from cylinders that were cast
as the same time as the specimen. The table also in-
cludes the experimental results: the confined concrete
strength (f ) or maximum concrete axial stress at the
peak of strain-stress curve; the strength enhancement
ratio (f /f); the CFRP jacket hoop rupture (g;) and
the strain efficiency factor (g /¢, ).

The CFRP jacket is highly efficient for circular
cross-section concrete elements. The strength en-
hancement ratio (f /f) with only one CFRP ply has
varied from three (for one of the specimens with the
smallest diameter) to two. The failure mode of the

FIGURE 7. a) Rectangular test set-up, b) Failure mode of rectangular specimen, c) Circular test set-up, d) Failure mode of circular specimen.
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TaBLE 3. Main parameters and test results of circular specimens tested.

D H t £ [N/

£, [N/ €

[mm] [mm] [mm] mm?] mm?] f/A, [‘Vf:] &/e,
la 140 500 0.129 20.40 63.05 3.09 1.25 0.70
1b 140 500 0.129 20.40 56.34 2.76 1.40 0.79
2a 220 800 0.129 20.98 45.5 2.17 1.73 0.97
2b 220 800 0.129 20.98 43.7 2.08 1.35 0.76
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FIGURE 8. Stress-strain curves of specimens with circular cross-section: a) h=500 mm, b) h=800 mm.

specimens was largely due to the tensile rupture of
the CFRP strengthening.

The Figure 8 shows the axial stress vs axial and
lateral strain curves, grouped by specimens with the
same height. The tests display monotonically ascend-
ing curves, typical of “well-confined” concrete.

3.2 Strain efficiency factor for circular cross
section elements strengthened with CFRP jackets

The ultimate strain of the CFRP jacket in the
hoop direction, or FRP effective strain, for each test
is displayed in Table 3. It is the mean value of the
measurements from the lateral strain gauges, omit-
ting those glued on the overlap region as these are
not representative. The mean value of the strain ef-
ficiency factor (g, /¢, ) for the two specimens meas-
uring 500 mm in height is 0.75. For the two speci-
mens measuring 800 mm in height is 0.87. The mean
strain efficiency factor of the four specimens has re-
sulted of 0.81.

The results have been compared to others from
CFRP strengthened cylindrical specimens that are
included in the database compiled by Ozbakkaloglu
and Lim (3). To perform this task, intermediate size
specimens have been chosen (height from 450 mm to
762 mm), eliminating those with a strain efficiency fac-
tor (g, /¢, ) greater than one. The Table 4 outlines the
main parameters and test results of the database tests.

For the database tests containing information on
the ultimate CFRP jacket hoop strain, the mean value
of the strain efficiency factor is 0.74. Under labora-
tory conditions, the FRP jacket in circular specimens
tested under perfectly centered axial load can reach
extremely high values of lateral strain, still these cir-
cumstances may not occur in real applications. For
this reason, two tests with an excessive strain efficien-
cy factor (equal or higher than 0.90) have been elim-
inated. The mean value of the strain efficiency factor
of the available circular tests (Tables 3-4 except the
two specimens with a strain efficiency factor equal or
higher than 0.90) results 0.73.

In this paper, a value for the strain efficiency factor
equal to 0.73 is used to ascertain the calculation of
compressive strength in CFRP confined concrete col-
umns with circular cross sections.

3.3 Confined concrete strength in circular cross-
section elements strengthened with CFRP jackets

The results of the available circular tests (Tables 3-4
except the two specimens with a strain efficiency fac-
tor equal or higher than 0.90) were compared with the
theoretical predictions by the four international guides
(13-16). There are 39 experimental results, 4 belonging
to the research project and 35 to the database studies.

The graphs with the comparison between the ex-
perimental results and the theoretical predictions by
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TaBLE 4. Tests on circular specimens from database compiled by Ozbakkaloglu and Lim (3).

[ H?m] [H?m] [mtm] N /Efmﬂ [ﬁ/rg] £ [N/mm?] £ [N/mm?] £ /f [fy;c] g /e,
Carey ctal. 254 762 1.00 72500  1.21 38.90 54.80 141 100 083
Liangetal. 300 600 050 242000  1.48 24.50 58.80  2.40 098  0.66
Liangetal. 300 600 050 242000  1.48 24.50 5940 242 133 0.90
Liangetal. 300 600 050 242000  1.48 24.50 60.60 247 122 082
Smithetal. 250 500 026 210520  1.51 35.00 50.00 143 089  0.59
Smithetal. 250 500 026 210520  1.51 35.00 57.00 163 122 081
Smithetal. 250 500 026 210520  1.51 35.00 59.00 169 131 087
Smithetal. 250 500 026 210520  1.51 35.00 56.00 1.60 1.15  0.76
Songetal. 150 450  0.13 237000  1.72 22.40 4570 204 112 0.65
Songetal. 150 450 026 237000  1.72 22.40 6540 292 118  0.69
Songetal. 150 450 039 237000  1.72 22.40 85.00 379 121  0.70
Song et al. 150 450  0.13 237000  1.72 40.90 57.10 140 124 072
Songetal. 150 450 026 237000  1.72 40.90 78.40 1.92 107 062
Songetal. 150 450 039 237000  1.72 40.90 100.40 245 1.16  0.68
Akogbeetal. 300 600 050 242000 134  24.50 58.80 240 — —
Akogbe etal. 300 600 050 242000 134 2450 5940 242 — —
Akogbe etal. 300 600 050 242000 134 2450 63.00 257 — —
Akogbe etal. 300 600 050 242000 134 2450 60.60 247 — —
Hosotani etal. 200 600  0.44 230000  1.51 41.70 93.00 223 — —
Ongpeng 180 500 0.13 231000  1.58 27.00 37.23 138 — —
Ongpeng 180 500 026 231000  1.58 27.00 51.18 190 — —
Shehatactal. 225 450  0.17 235000  1.51 34.00 43.70 129 —
Shehatactal. 225 450 033 235000  1.51 34.00 62.90 185 —
Thériault etal. 304 608  0.66 230000  1.51 37.00 66.00 178 — —
Yan et al. 305 610 1.00 86900  1.40 15.00 3780 252  — —
Youssefetal. 406 813  5.84 103840 120  29.40 125.80 428  — —
Youssefetal. 406 813  5.84 103840 120  29.40 12639 430 — —
Youssefetal. 406 813  5.84 103840 120  29.40 127.01 432  — —
Youssefetal. 406 813  3.50 103840 120  29.40 83.05 282 —
Youssefetal. 406 813  3.50 103840 120  29.40 88.68 3.0 — —
Youssefetal. 406 813 234 103840 120  29.40 6478 220 —
Youssefetal. 406 813 234 103840 120  29.40 62.09 211 —
Youssefetal. 406 813 234 103840 1.0  29.40 67.47 229 — —
Youssefetal. 406 813  1.17 103840 120  29.40 45.95 156  — —
Youssefetal. 406 813  1.17 103840 120  29.40 45.78 156 — —

each guide are shown in Figure 9, indicating the root results. The CNR guide predictions diverged slightly
mean square error (RMSE) that is only interpreted further from the tests results.

comparatively. No partial safety factors of materials Equation [3] displays the general form of the

have been used to obtain the predictions. strength equation by the fib 90 and ACI-400 2R
The predictions made by using TRS55 equations are guides. ¢ ¢

more in line with the general trend followed by the % =1+ akskg% [3]

experimental results. The ACI and fib guides predic-
tions offer reasonable matches, with all theoretical S Eete
_ flefu

predictions being equal or lower than experimental with fj, = — [4]
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FiGure 10. Experimental strength enhancement ratio vs predicted values with k =g, /g, = 0.73.
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The value of the numerical coefficient “a”” can be
obtained by using the strain efficiency factor estimat-
ed as 0.73 for the available circular tests. The reduc-
tion strain factor (k) and the shape factor (k) would
be equal to one (circular section). A mean value of the
coefficient “o” equal to 4.0 and a characteristic value
of 2.3 (5% fractile) has thus been obtained. Figure 10
shows the graphs with the comparison between the
experimental results and the predictions by means of
the Equation [3] and the above values of “a.”.

The proposed strain efficiency factor for circular
columns (equal to 0.73) with the characteristic value
of the coefficient “o” (equal to 2.3) unearths a simi-
lar accuracy to fib predictions. Using the mean value
of the coefficient “a” (equal to 4), the adjustment is
slightly better than in the TR55 guide.

4. RECTANGULAR CONCRETE SPECIMENS
STRENGTHENED WITH CFRP JACKETS

4.1 Square and rectangular tests of the research
project

Project BIA 2016-80310 includes a large experimen-
tal campaign on intermediate-size plain concrete spec-
imens with rectangular cross-section tested under cen-
tered compression. The specimens were formed by low
and medium strength concrete (unconfined compressive
strength of 20 to 35 N/mm?) measuring 600 mm in
height. The side-aspect ratio (b/h) of the cross-section
varied between 1, 1.5 and 2. The radius of curvature (R )
of the corners was 20, 25 and 30 mm. Different num-
ber of plies of unidirectional carbon-fiber reinforced
polymer (CFRP) were applied along the entire height
using the hand lay-up technique. The CFRP material
used was the same described for the circular test of the
above section (t=0.129 mm per ply, E=236918 N/mm’
and &, =0.01776). The fibers were orthogonal to the axis
member with an overlap length of 100 mm.

In order to study the mechanical behavior, electri-
cal strain gauges were glued to the FRP jacket in the
middle of each side at the mid height point. Four were
arranged axially and two, laterally. The axial defor-
mations were measured using four linear variable-dis-
placement transducers (LVDTs). This information
was monitored using an electronic data acquisition
system, while axial compression tests were conducted
using a hydraulic jack.

From the experimental program, twenty-five spec-
imens have been chosen (those that exhibited a con-
crete compressive strength enhancement greater than
1.05). Table 5 shows the main test parameters: width
(b); longer side (h); corner radius (R ); the total fiber
thickness (t) and the unconfined concrete strength (1),
obtained from cylinders that were cast as the same
time as the specimen. The table also includes the re-
sults for: the confined concrete strength (f ) or max-

imum concrete axial stress at the peak of the strain-
stress curve; the strength enhancement ratio (f /T);
the CFRP jacket hoop strain at rupture (¢,) and the
strain efficiency factor (g, /e, ).

The specimens failed mainly due to tensile rupture
of the CFRP strengthening near to the corner.

For illustrative purposes only, the graph in Figure 11
shows the compressive strength enhancement ratio
obtained for three strengthened specimens compared
to a non-strengthened one (reference). Specifically,
one square cross-section specimen (1_2 25a) and
one rectangular with side-aspect ratio (b/h) equal to
1.5 (1.5_2 25a), both strengthened with the addition
of two CFRP layers. They are compared to a rectan-
gular version with side-aspect ratio (b/h) equal to 2
(2_3_25) strengthened with three CFRP layers. For
all side-aspect rates, the strain capacity improved
owing to the CFRP jacket action. In this case, only
the specimens with side-aspect ratio other than two
exhibited monotonically ascending curves, typical of
“well-confined” concrete. As it is known, the confine-
ment efficiency decreases as the aspect ratio of the
section increases.

4.2 Strain efficiency factor for rectangular cross-
section elements strengthened with CFRP jackets

The ultimate strain of the CFRP jacket in the hoop
direction, or FRP effective strain, for each test is ob-
tained from the mean value of four sides measured
and is collected in the Table 5. For these rectangular
tests, the mean value of the strain efficiency factor
(g,/¢;) of the specimens with side-aspect ratio (b/h)
equal to 1 is 0.65; for those with b/h=1.5 this is 0.52
and for those with b/h=2 this is 0.39. The results
have been compared to others from CFRP strength-
ened plain concrete specimens with square and rec-
tangular sections that are included in the database
compiled by Pham and Hadi (7). For this task, in-
termediate size specimens have been chosen (height
from 450 mm to 915 mm), eliminating those with
concrete compressive strength enhancement equal
or lower than 1.05 or corner radius excessive small
(minimum R =20 mm).

The Table 6 shows the database tests, indicating the
main parameters and results. It must be noted that there
is no information regarding the experimental ultimate
CFRP jacket hoop strain for several studies. When this
information has been published by the actual authors,
it has been taken from the original paper. Furthermore,
some tests of the database studies have been added, al-
though they are not included by Pham and Hadi (7).
The name of the test in Table 6 is the reference number
of the database, the original name of the specimen is
written only for the tests that have been added.

For the tests displayed in Table 6 containing in-
formation on the experimental ultimate CFRP jacket
hoop strain, the mean value of the strain efficiency
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TaBLE 5. Main parameters and test results of circular specimens tested.

b h R, t ) ) g,

(mm| [mm] [mm] (mm] f [N‘mm?] f [N/mm’] f /f (%] & /e,

1 2 20-a 150 150 20 0.258 35.30 48.40 1.37 0.954 0.54

1 2-20-b 150 150 20 0.258 25.10 49.70 1.98 1.158 0.65

1 2 25-a 150 150 25 0.258 25.10 55.10 2.19 1.307 0.74

12 25b 150 150 25 0.258 25.10 56.10 2.23 1.121 0.63

1325 150 150 25 0.387 34.40 72.60 2.11 1.147 0.65

1.3 30 150 150 30 0.387 34.40 78.10 2.27 1.259 0.71

15120 150 225 20 0.129 20.20 26.00 1.28 0.954 0.54

1.5 125 150 225 25 0.129 20.20 29.80 1.47 0.659 0.37

1.5130 150 225 30 0.129 20.20 28.40 1.40 0.686 0.39

1.5 2 20-b 150 225 20 0.258 20.60 37.10 1.80 0.916 0.52

1.5 2 20-c 150 225 20 0.258 27.10 39.10 1.44 0.915 0.52

1.5 2 25-a 150 225 25 0.258 20.60 37.40 1.81 1.130 0.64

1.5 2 25-b 150 225 25 0.258 27.10 37.80 1.40 1.118 0.63

1.5 2 30-b 150 225 30 0.258 20.60 35.00 1.70 0.889 0.50

1.5 2 30-c 150 225 30 0.258 27.10 43.20 1.59 0.934 0.53

1.5 3 20 150 225 20 0.387 34.40 44.80 1.30 0.975 0.55

1.5 325 150 225 25 0.387 34.40 49.40 1.44 0.984 0.55

1.5 3 30 150 225 30 0.387 34.40 52.40 1.52 1.010 0.57

2320 150 300 20 0.387 22.80 25.50 1.12 0.587 0.33

23725 150 300 25 0.387 22.80 27.00 1.19 0.853 0.48

2 3 30-a 150 300 30 0.387 29.80 34.70 1.16 0.658 0.37

2 3 30-b 150 300 30 0.387 22.80 28.60 1.26 0.799 0.45

2420 150 300 20 0.516 29.80 39.10 1.31 0.562 0.32

2 4725 150 300 25 0.516 29.80 40.60 1.36 0.653 0.37

2 430 150 300 30 0.516 28.10 38.00 1.35 0.713 0.40
factor for h/b=1 is 0.56. Since the confinement stress
distribution is non-uniform in the rectangular sec-
2:50 tions, it is not easy to establish the transversal strain
‘ of the jacket, which is a key parameter in strength
b Y ol prediction. For this reason, the following analysis is
\ Lt undertaken by using only the tests of the research pro-
§ \ Lo o ject whose CFRP hoop strain has been set following a
< ‘ common criterion (this being the average of the read-
“‘° — 1 ings of the lateral gauges of the center of each face in

b Al the specimen middle-height).
. The values of the FRP effective strain obtained
e oy i from the research project’s tests don't fit to any guide
— 235 , recommendation. The Figure 12.a shows the average
0.00 of the strain efficiency factor (k ), from the tests with
25 20 -15 -10 -05 00 05 10 15 20 25 30

Transversal strain [%]

FI1GURE 11. Stress-strain curves of specimens with rectangular

Axial strain [%]

cross-section.

the same b/h and R, versus the ratio radius corner
to long side (R /h) and its comparison with the TRS5
guide proposal, which results conservative for these
tests results. There is a general lineal trend, although
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TABLE 6. Main parameters and results of rectangular specimens from database compiled by Pham and Hadi (7).

Test b h R, t E, g, LN RN s
[mm] [mm] [mm] [mm] [N/mm?] [%] mm?| mm?] e e [%] fe fu

1 152 152 38 0.900 83000 1.50 42.00 47.50 1.13 0.71 0.47

2 152 152 25 1.200 83000 1.50 43.90 50.90 1.16 0.59 0.39

3 152 152 25 1.500 83000 1.50 43.90 47.90 1.09 0.51 0.34

4 152 152 25 1.200 83000 1.50 35.80 52.30 1.46 0.70 0.47

5 152 152 25 1.500 83000 1.50 35.80 57.60 1.61 0.65 0.43

6 152 152 38 1.200 83000 1.50 35.80 59.40 1.66 0.89 0.59

7 152 152 38 1.500 83000 1.50 35.80 68.70 1.92 0.86 0.57

50 150 150 25 0.165 257000 1.76 33.70 39.40 1.17 1.05®  0.60®

52 150 150 25 0.330 257000 1.76 33.70 61.90 1.84 1.08®  0.61@

54 150 150 25 0.495 257000 1.76 24.00 66.00 2.75 1.16®  0.66@
S4R25® 150 150 25 0.660 257000 1.76 24.00 80.80 3.37 1.08 0.61
S5R25@ 150 150 25 0.825 257000 1.76 41.50 95.20 2.29 1.15 0.65

168 250 250 40 0.495 230000 1.50 32.80 41.40 1.26  1.21®  0.81®

169 250 250 40 0.495 230000 1.50 32.80 40.60 1.24  091® 0.61®

170 250 250 40 0.825 230000 1.50 32.80 56.70 1.73  1.10®  0.73®

171 250 250 40 0.825 230000 1.50 32.80 53.60 1.63  0.69®  0.46®
174 150 150 25 1.200 75000 1.25 31.80 48.30 1.52 — —

175 150 150 25 1.200 75000 1.25 28.50 45.60 1.60 — —
176 150 150 38 1.200 75000 1.25 27.70 57.00 2.06 — —
177 150 150 38 1.200 75000 1.25 30.30 55.00 1.82 — —
178 150 150 50 1.200 75000 1.25 26.70 61.70 2.31 — —
179 150 150 50 1.200 75000 1.25 28.30 63.70 2.25 — —
180 150 150 20 0.170 239000 1.87 22.00 33.50 1.52 — —

181 150 150 20 0.340 239000 1.87 22.00 49.60 2.25 — —
182 150 150 20 0.340 239000 1.87 19.50 47.20 2.42 — —

183 150 150 35 0.340 239000 1.87 22.00 64.80 2.95 — —
184 150 150 35 0.340 239000 1.87 19.50 58.70 3.01 — —

185 150 150 50 0.340 239000 1.87 22.00 76.60 3.48 — —
186 150 150 50 0.340 239000 1.87 19.50 63.60 3.26 — —
187 150 150 20 0.170 241000© 1.74 49.50 54.20 1.09 — —
188 150 150 20 0.340 241000© 1.74 49.50 61.40 1.24 — —
189 150 150 35 0.340 241000© 1.74 49.50 84.90 1.72 — —
190 150 150 50 0.340 241000© 1.74 49.50 86.10 1.74 — —
R4R25® 150 225 25 0.660 257000 1.76 41.50 51.90 1.25 0.74 0.42
LS1.5-1-20© 150 230 20 0.170 239000 1.87 22.00 23.60 1.07 — —
LS1.5-2-20© 150 230 20 0.340 239000 1.87 22.00 33.20 1.51 — —
LS1.5-2-35© 150 230 35 0.340 239000 1.87 22.00 40.70 1.85 — —
LS1.5-2-50© 150 230 50 0.340 239000 1.87 22.00 46.70 2.12 — —
LS2-1-20© 150 300 20 0.170 239000 1.87 19.50 21.80 1.12 — —
LS2-2-20© 150 300 20 0.340 239000 1.87 19.50 23.60 1.21 — —
LS2-2-35© 150 300 35 0.340 239000 1.87 19.50 30.90 1.58 — —
LS2-2-50© 150 300 50 0.340 239000 1.87 19.50 34.80 1.78 — —
NS2-2-50© 150 300 50 0.340 241000 1.74 49.50 54.10 1.09 — —
NS2-2-20© 150 300 20 0.340 241000 1.74 49.50 52.40 1.06 — —

(a) The data have been taken from the original paper published by Lam and Teng (17).
(b) The data have been taken from the original paper published by Ilki and Kumbasar (5).
(c) The data have been taken from the original paper published by Tao et al. (6).
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FiGure 14. Strength enhancement ratio vs prediction by ACI and fib 90 guides with the proposal of k .

with certain dispersion. For square section specimens,
a higher strain efficiency factor has been obtained
when the corner radius is larger, yet for rectangular
ones a larger radius has not always led to a higher k .

On the other hand, the strain efficiency factor
seems highly conditioned to the side-aspect rate, Fig-
ure 12.b. It is observed the lineal trend of Equation
[5]. This trend is obtained from the research project’s
tests (R_ equal to 20, 25 and 30 mm) and it would
correspond to the average value of R _equal to 25 mm.

k = (0.90 - 0.25 h/b) [5]

This linear fit is modulated to take into account the
different strength improvement due to the corner ra-
dius, which is usually between 20 and 50 mm for real
applications. A strength improvement of 10% high-
er is considered for the larger corner radius regards
to the smaller one. This would provide the resulting
equation shown below, Equation [6].

k =(0.90 - 0.25 h/b) (1 + (R -25)/300)
for 20 mm = R = 50 mm [6]

4.3 Confined concrete strength in rectangular
specimens strengthened with CFRP jackets

Equally, with regard to circular specimens, the re-
sults of rectangular cross-section tests included in the
Table 5 and Table 6 have been compared with the the-
oretical predictions by the four international guides
(13-16). There are a total of 69 experimental results:
39 of square section (6 of the research project), 17 of
rectangular section with b/h=1.5 (12 of the research
project) and 13 of rectangular section with b/h=2
(7 of the research project).

The graph showing the comparison between the

experimental results and the theoretical predictions
by each guide are displayed in Figure 13, indicating
the root mean square error (RMSE) that is interpreted
only comparatively. No partial safety factors of mate-
rials have been used to obtain these predictions.

In order to compare the different models, no limi-
tations contained in the guides have been used. This
means that the predictions of specimens with aspect ra-
tio of 2 by using TR55 formulation have been includ-
ed. For those that fail to meet the fib 90’ minimum ratio
condition, no strength enhancement should be expected
according to this guide. Still, these tests entailed strength
gain, meaning that the limitation does not apply.

The TRSS5 predictions adapt more suitably to the
general trend followed by the experimental results,
except for h/b=2, which is consistent with the fact that
this guide excludes this proportion from the sides.
The CNR is better suited for rectangular tests with b/
h=1.5 and 2. The others present a similar degree of
adjustment.

The Figure 14 shows the comparison of the two
guides based on the simple linear adjustment, ACI and
/ib 90, by using the k_proposal, Equation [6]. The fib 90
guide’ predictions is improved somewhat. As mentioned
before, the transversal strain attained in the FRP jacket at
failure is a key parameter in strength prediction.

5. CONCLUSIONS

This paper deals with the behavior of carbon
FRP-confined concrete columns, mainly, with square
and rectangular cross-section. The results of a re-
search project’s experimental program carried out on
intermediate-size plain concrete specimens with
square, rectangular and circular section are compared
to others of similar characteristics contained in two
published databases (3, 7).
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An overview of the approach of four international
guides (ACI-440.2R-17, TRSS, fib 90, CNR-DT200
R1) to predict the strength gain obtained for concrete
members with FRP reinforcement is presented. Their
proposals differ, among others, on two key issues:
the effect of confinement in non-circular sections and
the effective strain in the FRP jacket at failure. The
strength predictions by using the four guidelines were
found to diverge mutually, especially, in the case of
rectangular cross-section columns.

As reported by other researchers, the ultimate hoop
CFRP strain of the jackets in the circular section spec-
imens were lower than the ultimate strain obtained in
tensile coupon tests. An average value of the strain ef-
ficiency factor (g, /¢, ) equal to 0.73 was obtained from
the circular test database and the research program.

The value of the strain efficiency factor (g, /¢, ) was
found to decrease with an increase in the side-aspect
ratio for rectangular sections. An average value of
0.65 was obtained in the research program’s square
specimens, while in the rectangular specimens with
aspect ratio of 1.5 and 2 the average value was 0.52
and 0.39.

The values of the FRP effective strain (g, ) from the
research project’s square and rectangular tests don’t
fit to the guides recommendations. The lateral strain
attained in the FRP jacket at failure is a key parameter
in strength prediction. An expression is proposed to
calculate the strain efficiency factor (g, /¢, ) which de-
pends, mainly, on the side-aspect ratio (b/h) and, to a
lesser extent, on the corner radius (R ). The prediction
of the ACI and fib guides, based on a simple linear
design-model, improves by using the efficiency strain
factor proposed for rectangular sections.

Further experimental investigation is deemed nec-
essary to improve the estimation of effective ultimate
strain of the FRP as a function of aspect ratio and cor-
ner radius of rectangular cross-section columns.

The above conclusions should be considered with-
in the scope of the parameters under study (intermedi-
ate-size specimens, non-slender columns, fully wrap-
ping of carbon FRP, unconfined concrete strength not
higher than 50 N/mm?) and with the limitations de-
rived from the number of the available tests.
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