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Abstract

Wrapping reinforced concrete (RC) columns with fiber reinforced polymer (FRP) composites is effective in increasing
their capacity. The current state of the art concentrates primarily on fully wrapped columns and few studies dealt with
partially wrapped ones. The objective herein is to evaluate the effectiveness of partial wraps (or strips) and to develop
a confined concrete compressive stress—strain (f. — €,) model that accounts for partial wrapping. Three-dimensional
finite element (FE) models are generated to evaluate the influence of different parameters on the behavior of con-
centrically loaded RC circular columns that are partially and fully wrapped with FRP. The results indicated an increase
in ductility as the number of FRP strips is increased, and revealed that longitudinal steel had little influence on the
confined f. — ¢ relationship. The proposed f. — €. model, derived from the parametric study, accounts for the effect
of partial and full confinement, the unconfined concrete strength f/, and yielding of transverse steel. Comparison of
the results generated using the proposed model with FE and experimental results are in good agreement.

Keywords: reinforced concrete, columns, confinement, stress—strain, finite element, ductility

1 Introduction

The application of fiber reinforced polymer (FRP) wraps
to reinforced concrete (RC) columns is an established
and efficient technique for enhancing the capacity of col-
umns. Columns that are fully wrapped with FRP showed
an increase in ductility, moment and ultimate compres-
sive load capacity, ultimate deformability and energy
absorption compared to unconfined columns (Mirmiran
and Shahawy 1997; Toutanji 1999). Several studies focus-
ing on fully wrapped FRP confined concrete columns
have been carried out to generate models for predicting
their behavior (Nanni and Bradford 1995; Lam and Teng
2003; El Fattah and Rasheed 2015). Research on columns
partially wrapped with FRP sheets (or strips) is very lim-
ited (Saadatmanesh et al. 1994; Barros and Ferreira 2008;
Wu et al. 2009). Most of the studies did not account for
the influence of the existing steel reinforcement on the
column’s behavior (Lam and Teng 2003), or simply esti-
mate the total confinement pressure as the sum of the

*Correspondence: sayghanem@yahoo.com

! Morehead State University, Engineering and Technology Management,
Morehead, KY 40351, USA

Full list of author information is available at the end of the article
Journal information: ISSN 1976-0485 / elSSN 2234-1315

@ Springer Open

and indicate if changes were made.

confinement pressure due to the external FRP jacketing
and the confinement pressure due to the internal trans-
verse steel reinforcement (Barros and Ferreira 2008; El
Fattah and Rasheed 2015). Few models dealt with con-
crete confined by both FRP and transverse steel (Lee
etal. 2010).

The focus of this paper is to better understand the
influence of internal steel reinforcement and partial or
full external FRP wrap/reinforcement on concrete con-
finement. A series of finite element (FE) models are
developed to analyze the effect of the aforementioned
parameters on the confined concrete column. FE models
have been successfully used to simulate the behavior of
RC beams (Hawileh et al. 2012; Hawileh et al. 2013) and
columns (Mirmiran et al. 2000) wrapped by FRP sheets.
The influence of partial wrapping on the increase in
strength and ductility is evaluated. The results from the
FE parametric analyses were used to derive a new con-
fined concrete compressive stress—strain model for con-
centrically loaded RC circular columns that are partially
and fully wrapped with FRP.
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2 Finite Element Modeling

The FE program ANSYS 14.0 (ANSYS 2012) is used to
develop a series of 3D nonlinear models for concentri-
cally loaded circular RC columns. The confined con-
crete is modeled using the Drucker-Prager yield criterion
(Mirmiran et al. 2000; Wu et al. 2009), and the steel rein-
forcement is modeled as a bi-linear elastic-perfectly plas-
tic material. The FRP material is modeled as a linearly
elastic material. The mechanical properties of concrete,
steel, and FRP are listed in Table 1. Due to symmetry, a
quarter of the column cross section is modeled, the load
is applied as an equivalent displacement at top of the col-
umns. The concrete stress, f,, is calculated by averaging
stresses across the entire column cross section. Perfect
bond is assumed between the FRP sheets, and FRP and
concrete.

The validation of the FE model is carried out by com-
paring the results of the model with experimental results
of two columns presented by Barros and Ferreira (2008)
(Fig. 1). The columns have the same unbraced length
[,=600 mm (23.62 in.) and diameter D=200 mm
(7.9 in.). The 28 day compressive strength of unconfined
concrete f/=16 MPa (2.32 ksi). The tests were carried
out under displacement control at a rate of 1 mm/min.
Figure 1 shows the FRP wrapping arrangements and col-
umns cross section.

3 Partial FRP Wraps or Strips

Nine columns are considered in the parametric study.
All columns have the same unbraced length /,=600 mm
(23.62 in.) and diameter D=200 mm (7.9 in.). One col-
umn is unwrapped and is the baseline column. The other
eight columns are presented in Fig. 2, one of the columns
is fully wrapped (FW) and the remaining seven are par-
tially wrapped with strips varying from one strip (N;=1)
on column S1 to seven strips on column S7 (Nf= 7).

Table 1 Material properties  and FE elements
for the control (or unwrapped) column and the eight
columns in Fig. 2.

Material Parameter FE element
Concrete f! 20.68 MPa 3 ksi SOLID 65
55.16 MPa 8 ksi
Ec 21.50 GPa 3118 ksi
35.13 GPa 5095 ksi
Steel fy 413.68 MPa 60 ksi LINK 180
A $6 32 mm? 0.05in?
¢10 71 mm? 0.111in?
FRP te 0.15mm 0.0059in SHELL 181
f 2848 MPa 413 ksi
Ef 139 GPa 20,160 ksi
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Each strip has a width w;=40 mm (1.6 in.). For the fully
wrapped column, w; = [, and Ny = 1. The full wrap and
each strip has four layers of CFRP fabric (n,=4), and the
thickness of each layer ;= 0.15 mm (0.0059 in.). The FRP
volumetric ratio (p) for each column is determined as
follows

_ e Nrtr

DI, (1)

pr

Four groups of columns (Table 2) are studied to evalu-
ate the influence of different parameters on the confined
concrete stress (f;,), axial strain (g,) and lateral strain (g)).
In addition to the unwrapped column, each group con-
tains the eight columns in Fig. 2, and Group 1 is the base-
line group. In Groups 2—4, three different parameters are
varied: the 28 day compressive strength of unconfined
concrete f/, the transverse steel reinforcement ratio, p,
and the longitudinal steel reinforcement ratio, p;, respec-
tively (Eq. 2)

Pst = Vst / Ve, psi = Asl/Ag 2)

where V, is the volume of transverse steel; V, is the vol-
ume of concrete; A is the total area of longitudinal steel;
and A, is the gross area of the column section.

Figure 3 presents the results for all four groups in term
of compressive stress of confined concrete (f,) versus
concrete axial strain (g,) and concrete lateral strain (g).

Figure 4 presents the variation in the strength ratio
(fc’c / f! ), strain ratio (8cm / sé) and ductility factor (4). f,
is the ultimate confined concrete compressive stress; €.,
is the ultimate confined concrete axial strain correspond-
ing to the ultimate confined concrete compressive stress;
e, is the concrete axial strain at the unconfined concrete
compressive strength (f). The numerical values of these
terms are listed in Table 3 for all Groups. The derivation
of the ductility factor is based on the one proposed by
Cui and Sheikh (2010).

Three efficiency factors, f3, are introduced in Eq. 3 and
Fig. 4 to compare the fully wrapped (FW) columns to
unwrapped columns (UW) in each group.

_ (ferw

(Eccu) FW
= and B = A

MEW
ﬂu = 3 Be

nruw

B (Ecc)uw

(3)

For Fig. 4, refer to Table 2 for information on Groups 1
to 4, and to Fig. 2 for p,values

3.1 FRP Volumetric Ratio, ps

In all column groups, as the FRP volumetric ratio in
Eq. 1 increases from p;=0.0 for the unwrapped column
to p=0.012 for the fully wrapped column (Fig. 3), and
as expected, there is an increase in the ultimate confined
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Fig. 1 Comparison of compressive stress (f.) versus axial strain (¢.) between FE and experimental results: a partially wrapped column and b fully
wrapped column (all dimensions are in mm; 1 mm=0.039 in.).

concrete compressive stress (f2,), the ultimate confined

axial strain (g,

fined concrete (g;,). Figure 4 and Table 3 provide more
detailed results that clearly show the influence of the

number of strips in Groups 1-4 on the strength ratio
), and the ultimate lateral strain of con-  (f./f,), strain ratio (ec/ ¢.), and ductility factor (4). As
the number of strips is increased, the aforementioned
ratios also increase.
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Fig. 2 FRP wrap layout on circular columns (all dimensions are in mm; 1 mm =0.039 in.).
Table 2 Column groups used in the parametric study.
Group#? f! Longitudinal steel Transverse steel stirrups
¢ 10 mm (#3) @ 6 mm (#2)
MPa ksi Number of bars Psl Spacing Pst
mm in

1 20.68 3 4 0.011 140 550 0.004
2 55.16 8 4 0.011 140 5.50 0.004
3 20.68 3 4 0.011 80 3.15 0.0064
4 20.68 3 12 0.027 140 5.50 0.004

@ Each group contains, in addition to the unwrapped column, the eight columns in Fig. 2.



Ghanem and Harik Int J Concr Struct Mater (2018) 12:52

Page 5 of 17

Unwrapped (UW) ——1 Strip (S1) —— 2 Strips (52) —— 3 Strips (S3) 4 Strips (S4)
——5 Strips (S5) ——6 Strips (S6) ——7 Strips (S7) Full Wrap (FW)
’ ’
/. =20.68 MPa (3 ksi) /. =55.16 MPa (8 ksi)
Group1 | p, =0.011 Group 2 | p, =0.011
p, =0.004 p, =0.004
-0.02 0 0.02
-0.02 0 0.02
80 ’ ‘ 80T *_
- 4 10
4%2 @ 140 mm 10 60 \ /9, =0012
60 @ N ( =
200 mm E ‘ .Mm
E 40 + _Z’ > 40 \P,~:o 1 5 NN
= N o o T 3| "
_ .=\ 4010
vu 20 - p : A = 20 06 @ 140 mm
AN \
£.=0 200 mm
0 L 0 0 —- 0
-0.02 0 0.02 -0.02 0 0.02
<—’—> & &
& &
(a) (b)
’ ’
/. =20.68 MPa (3 ksi) /. =20.68 MPa (3 ksi)
Group 3 | p, =0.011 Group 4 | p, =0.027
P, =0.0064 p, =0.004
-0.02 0 0.02 -0.02 0 0.02
80 | ‘ 4010 ! 80 - ‘ 120910
@6 (@ 80 mm 10 @6 @ 140 mm 10
E 60 200 mm a ’360 B 200 mm o~
4 & ‘7
S w0 | o ;3 Sa0 | % =
W8 — p=ooz| S o \ P SR
20 + \/ ®_ 20 + ~=
qu" =0 \ P =0
0 : 0 0 : 0
-0.02 0 0.02 -0.02 0 0.02
&
l EC El EC
(c) (d)
Fig. 3 Comparison of compressive stress (f.) vs. axial strain (¢.) and lateral strain (g) for the columns ina Group 1, b Group 2, ¢ Group 3, and d Group
4. Note Refer to Fig. 2 for p,values.




Ghanem and Harik Int J Concr Struct Mater (2018) 12:52

Page 6 of 17

’
J. = 20.68 MPa (3 ksi) B, =2.49

f. = 55.16 MPa (8 ksi) B, =2.08

Py = 0.011 B, =11.98 p, = 0011 B. =5.57
P, = 0.004 B, =221 P, = 0.004 B, =142
16 6
|
12 H ‘ . 12 u
8 L= " "= 8 -
4 Euu! € ‘e o
AL =~ , ,
20 | Sl S s 2.0 fcc/fc\
1.0 4 . . £t : 1.0 4 A A A A A a 4
0.0 : . : . 0.0 : : : :
0 2 4 6 Full 0 2 4 Full
(pf :()) N, Wrap (pf :0) Nf Wrap
@ (=001 )  (p/=0012)

Jo =2068MPa(3ksi) | g —936
), =2.

f'=2068MPaGks) | B, =237

P = 0.011 Pe =576 Py = 0027 B, =1111
Py = 0.0064 By =2.08 P, = 0.004 B, =2.18
16 16
[}
12 H " 12 H .
A n n 8 - -‘ ™ .
8 T = 3 T "= = e
! Ao \ gccu /8; ~
v F A YA N
20 | S/ S 2.0 e ! Je X
o acYd W A A A i o AN A
1.0 1.0 B
00 f T T T T 0.0 . : : :
0 2 4 6 Ful 0 2 4 6 Full
(pf = 0) N, Wrap ( P, = 0) N, Weap
(© (p, =0.012) @ (p, =0.012)

3,and d Group 4.

Fig. 4 Strength ratio (f/, / f!), strain ratio (eccu/ €/ ), and ductility factor () vs number of strips (N) for the columns in a Group 1, b Group 2, € Group

3.2 Unconfined Concrete Compressive Strength, f/

The influence of f! is studied by comparing Group 1
(Figs. 3a and 4a, and Table 3) and Group 2 (Figs. 3b and
4b, and Table 3). These Figures show the increase in
ultimate confined concrete compressive stress (f;,) and

the reduction in the ultimate confined axial strain (g,,,)
as the unconfined concrete compressive strength f is
increased. All nine columns in Group 1 (Figs. 3a and 4a,
and Table 3) have strength ratios (f/,/f;), strain ratios
(ecm / eé), ductility factors (i), and efficiency factors, S
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Table 3 Stresses, strains and ductility factors for the unwrapped columns (UW) and columns in Groups 1-4

(1 MPa=0.145 ksi).

Group#? Columns?
uw S1 S2 S3 S4 S5 S6 S7 FW

1 f/. (MPa) 2213 2232 2351 26.22 27.81 29.23 33.18 3524 48.80
Eccu 0.0025 0.0068 0.0076 0.0102 0.0120 0.0126 0.0171 0.0195 0.0303
e - 0.003 0.0035 0.0055 0.0061 0.0070 0.0089 0.0102 0.0179
fl /! 1.079 1.070 1.137 1.268 1.345 1414 1.604 1.704 2.360
Eccu/ €L 1.266 3.390 3.808 5.088 5.995 6.321 8.562 9.741 15.166
" 5.744 6.357 6.952 8422 9.215 9.219 10.269 11.266 14.327

2 f/. (MPa) 55.20 55.22 57.52 28.35 59.86 62.35 63.39 68.06 78.27
Eccu 0.0028 0.0058 0.0065 0.0066 0.0074 0.0098 0.0104 0.0135 0.0154
T - 0.0021 0.0025 0.0029 0.0032 0.0044 0.0045 0.0068 0.0077
fLIf 1.001 1.001 1043 1.058 1.085 1.130 1.149 1.234 1419
Eccu/ €L 1.083 2267 2534 2.580 2903 3.840 4.062 5273 6.036
" 353 3552 3.970 4.041 6.177 6.762 6915 7.087 7.339

3 f!. (MPa) 23.89 24.55 24.78 26.65 28.80 28.83 32.04 3599 49.79
Eccu 0.0051 0.0066 0.0070 0.0083 0.0084 0.0106 0.0157 0.0173 0.0294
N - 0.0023 0.0028 0.0035 0.0044 0.0052 0.0077 0.0096 0.0178
fl/f! 1.155 1.187 1.198 1.289 1.393 1.394 1.549 1.740 2408
Eccu/ €L 2.554 3313 3491 4129 4194 5.309 7.841 8.650 14.717
n 5.674 5.796 5813 6.446 6.983 7.315 9.271 9.765 13426

4 f/. (MPa) 222 2238 25.02 26.22 27.31 29.89 3254 36.16 4849
Eccu 0.0028 0.0066 0.0072 0.0096 0.0108 0.0122 0.0150 0.0193 0.0307
& - 0.0031 0.0033 0.0053 0.0056 0.0067 0.0088 0.0113 0.0187
fl /! 1.074 1.082 1.210 1.268 1.320 1.445 1573 1.749 2.345
Eccu/ L 1.384 3323 3618 4.795 5391 6.082 7527 9.637 15.374
" 5972 6.205 6.231 7918 8415 9.206 10.026 10.697 14.155

@ Refer to Tables 1 and 2, and Fig. 2 for column dimensions and properties.

(Eq. 3), larger than the one for the corresponding col-
umns in Group 2 (Figs. 3b and 4b, and Table 3). For col-
umn S1, the concrete stress—strain (f, — ¢,) relationship is
presented in Fig. 5a for Groups 1-4 to show the influence
of the different parameters.

In order to graphically evaluate the influence of the
other parameters (p,, and p,) on f/, the results for Group
2 are removed from Fig. 5b for column S1, Fig. 6a for col-
umn S4, and Fig. 6b for the FW column.

3.3 Transverse Steel Reinforcement Ratio, p,;

The influence of p,, is studied by comparing the columns
in Group 1 (Fig. 3a and Table 3), with p,=0.004, and
Group 3 (Fig. 3c and Table 3) with p,=0.0064. Except
for columns S5 and S6, the columns in Group 1 have a
lower ultimate confined concrete compressive stress
f.. For columns S5 and S6 in Group 3, there is an over-
lap between the FRP and transverse steel leading to a
decrease in the volume of confined concrete, and in turn
to a lower f.. The columns in Group 1 also have a higher
ultimate confined concrete axial strain, ¢, compared to

the ones in Group 3 (Table 3). The ductility factor, 4, and
the efficiency factors, 5 in Eq. 3, are reduced by increas-
ing p,, (Table 3 and Fig. 4). The influence of increasing p,,
on f. can be seen in Fig. 5b for the column with one strip
(S1), in Fig. 6a for the column with four strips (S4), and in
Fig. 6b for the fully wrapped column.

3.4 Longitudinal Steel Reinforcement Ratio, p,;

The effect of p is studied by comparing the columns in
Group 1 (p;=0.011) and Group 4 (p,=0.027) in Figs. 4a,
d, 5b and 6 and Table 3. At ultimate conditions, the col-
umns in Group 1 have a slightly lower ultimate confined
concrete compressive stress and higher ultimate axial
concrete strain (Table 3). The efficiency factors, 8 (Eq. 3),
for Group 1 are slightly larger than the ones for Group
4 (Fig. 4a and 4d). In general, the change in the strength
ratios (fc’c / fl ), strain ratios (eccu / 82), and ductility factors
(@), due to the increase in the longitudinal steel reinforce-
ment ratio has a little influence on concrete confinement
for the columns under consideration (Figs. 4a and d, 5b
and 6). Figures 5 and 6 clearly show that the f, — ¢, plots
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Fig. 5 Comparison of compressive stress (f.) versus axial strain (€.)
for the column with 1-Strip (S1 in Fig. 2) for: a Groups 1-4 and b for
Groups 1,3 and 4 (Table 2).

for Groups 1 and 4 are difficult to separate. Consequently,
the contribution of the longitudinal steel is neglected
in the derivation of the confined concrete stress—strain
model in the following sections.

3.5 Strip Arrangement

The effect of the number of strips on the behavior of
confined columns is evaluated in Fig. 7 for two FRP
volumetric ratios, p/=0.003 and p=0.006 (Eq. 1). One
unwrapped (p/=0.0) and one fully wrapped column, and
three columns wrapped with 1, 3, and 6 strips are com-
pared in Fig. 7. All columns have the same cross sec-
tion and material properties as the columns in Group 1
(Table 2). In order to maintain a constant FRP ratio, Pp
the thickness, tp and/or number of FRP sheets per strip,
ny is varied to achieve different strip arrangements. Fig-
ure 7 clearly shows that, for the same volume of CERP
material bonded to the column, the fully wrapped is more
effective in increasing the ultimate compressive stress
and strain, and thus, ductility. The effectiveness is more
pronounced when the CFRP volumetric ratio is increased
to 0.006 in Fig. 7b. The increase in the number of strips,
from 1 to 6, leads to an increase in the ultimate compres-
sive stress and strain, and ductility. Although the fully
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wrapped column is more effective, in certain instances, a
specific number of strips could satisfy the design require-
ments. This may be of interest when retrofitting columns
that are not easily accessible (e.g. over a waterway) where
the placement of strips maybe more economical than
placing a full wrap.

4 Current FRP Confined Concrete Stress-Strain
Models

A number of models are available in the literature for
the confined concrete stress—strain relationships (Rich-
ard and Abbott 1975; Mander et al. 1988; Pellegrino and
Modena 2010). The following three models are high-
lighted in this section and in more details in Fig. 8 and
Table 4. They are used for comparison with the proposed
model presented in the following section.

Lam and Teng’s (2003) stress—strain model (Fig. 8a)
accounts for FRP confinement only. Pellegrino and Mod-
ena (2010) proposed an analytical model (Fig. 8b) for par-
tially wrapped columns. The model is based on Richard and
Abbott’s model (1975) that accounts for steel reinforcement
contribution to confinement in circular and rectangular
columns. The partial wraps are accounted for by modify-
ing the discontinuity coefficient used for transverse steel
in Mander’s model (1988). The total lateral confining pres-
sure, f}, is derived by combining that of the transverse steel
and FRP. Lee et al. (2010) introduced an empirical model
for concrete confined with both steel spirals and FRP wraps
(Fig. 8¢). The model accounts for yielding of transverse steel
and its contribution to the confining pressure.

5 Proposed Confined f. — £, Model

Richard and Abbott’s model (1975), a bilinear model that
has been adopted and modified by others for concrete
columns confined by FRP (Wu et al. 2009; Pellegrino
and Modena 2010), is also adopted herein and modified
based on the aforementioned parametric study. Since the
contribution of longitudinal steel is minimal (Figs. 5 and
6), it is not considered in the model generation.

The proposed f, — ¢, model comprises a nonlinear por-
tion for the strain range of 0<e¢ <¢g and a linear por-
tion for e, <¢e,<¢, (Fig. 8d). ¢, is the confined concrete
axial strain at yielding of the transverse steel and ¢, is
the ultimate confined concrete axial strain. The f, — ¢,
relationship is expressed as follows:

E.—E
fe= (Fe = Fr)ee +Ee 0<e < e
[14 ()] I T '
Jo
(4)
Je=Jes FEa(6c — €cs)  Ecs < &c < Eceu (5)
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Fig. 6 Comparison of compressive stress (f.) versus axial strain (e.)
for Groups 1, 3 and 4 (Table 2) for: a column with 4 Strips (54 in Fig. 2)
and b for column with Full Wrap (FW in Fig. 2).

where f, and ¢, are the concrete compressive stress and
strain of FRP-confined concrete, respectively; f; is the ref-
erence plastic stress at the intercept of the slope at yield-
ing of transverse steel with the stress axis (Fig. 8d); and n
is a shape parameter in the transition zone, E; is the slope
of the stress strain curve at the yielding of transverse
steel, E, is the concrete modulus of elasticity and, for
normal-weight concrete (ACI 2011), and E, is the slope
of the stress strain curve after yielding of transverse steel,

1
=14 -
Eeel/f) — 1 (©)
E, =4700,/f! (MPa) (7)
_Jos _ﬁ)

E = e (8)

_ Jie = fes
2 = Eccu — Ecys ©)
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where f,; and ¢, are the compressive stress and strain
in confined concrete at yielding of transverse steel. In
Eq. (4), m can be determined by setting the f, (¢, ) =, at
the point of yielding of transverse steel

(E. — El)gc,s

{1 n [(Ec_ﬁ)l)sm] n}l/n
(10)

From the parametric study, the average value of the nor-
malized plastic stress intercept fy / f! is 0.97 with a stand-
ard deviation 0.038. Consequently, f; is replaced by f;.

1 1
m= |:h‘l(8c,s):| In Fl fc,sf

5.1 Ultimate Confined Concrete Stress and Strain, f/,

and g,
The ultimate confined concrete stress and strain are
dependent on the unconfined compressive concrete
strength (fc’ ), the maximum lateral confining pressure
due to FRP only (f,,,,), the maximum lateral confining
pressure due to transverse steel only (f;; ,...) and the ratio
between the length of FRP wrap (N;w)) and the unbraced
length of the column (/). Based on the regression anal-
ysis conducted on the data generated in the parametric
study, the ultimate confined concrete stress f/, and strain

&, can be presented as follows

7 / flf,max) (]\[fwj’>03 (fl,s,max)
o= f 1+ 155 () (LD ) 4 155 (kA
o=t raass (V) (3 :
(11
’ flf,max) (waf)a3 (flsmax)
cou = € |24 +15 , +7.7(=5
=t ( 7 L 7
(12
2trErep,nrws N
Jifmax = % (13)
u
2Ast,
Jismax = s; 2 (14)
S

where f, is the specified yield strength of non-prestressed
steel reinforcement; A, is the area of transverse steel; d
is the concrete core diameter to center line of transverse
steel; s is the center to center spacing between transverse
steel; g, is the design rupture strain of FRP wrap.

5.2 Concrete Stress and Strain at Yielding of Transverse
Steel, f_;and €

The point defined by f,, and strain ¢ ; (Fig. 8d) is the

transition between the nonlinear and linear stress—strain
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Fig. 7 Comparison of compressive stress (f.) versus axial strain (e.)
relationships for the unwrapped column and columns having the
same CFRP volumetric ratio, pra ps=0.003 and b p;=0.006.

relationships. The increase in the compressive strength of
concrete confined by the two materials can be derived by
summing the increments of the compressive strength for
each material (Lee et al. 2010). Consequently, f_; and €
can be determined by summing the strength of concrete
due to FRP confinement and strength of concrete due to
transverse steel at yielding of the transverse steel. Con-
sidering that the transverse steel yield occurred at a lat-
eral strain ¢;,, then

L (15)

81,}, = Es

where ¢, is the confined concrete lateral strain at yield-
ing of transverse steel and E; is modulus of elasticity of
the transverse steel. The strain in the confined concrete
at yielding of the transverse steel may now be determined
using the relationship introduced by Teng et al. (2007).
for the lateral strain—axial strain relationship of FRP con-
fined concrete
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where f; ; is the lateral confining pressure exerted by FRP
at yielding of transverse steel

_ 2tpErer wengNy
oy = Di, (17)
;N\ 2
1-— 3
/ 2d
fl,s,max = fi,smax ) (18)

1- (Asl/Acore)

where s’ is the clear spacing between the transverse steel
(stirrups), and A, is the column core area.

The concrete core is confined by transverse steel and FRP
while the concrete cover is confined by FRP only, therefore

_ fcoreA core +,ﬂIOV€VA cover

Jes = Ag (19)
fcore :fc,sy +fcy"y _fc/ (20)
fcover ZfCJy (21)
Acover = Ag — Acore (22)

where A, is the column cover area; £, ,, and f,,,,, are the
compressive stresses of confined concrete for the column
core and cover, respectively; f, ; is the component of con-
fined concrete compressive stress at yielding of transverse
steel due to FRP confinement only; f, , is the component
of the confined concrete compressive stress at yielding of
transverse steel due to transverse steel confinement only.

Since the concrete core is confined by transverse
steel and FRP, the compressive concrete stress of the
column core (f,,,) can be calculated by adding the
compressive concrete stress at yielding of steel due to
steel confinement (f ;) and FRP confinement (f, ).
Mander’s model (1988) is used to calculate f,,, using
Egs. (23-25). This model accounts for the effect of the
compressive strength of unconfined concrete (fc’) on the
column’s core. Teng model (2007) is used to calculate
fc,fy using Eqgs. (27-29) and it includes the effect of f] on
fiore- Since both models include the effect of f; on f,,,.,
f! is subtracted from Eq. (20) in order to avoid double
counting its effect. The relationships between f,,, and
f{,and f, 5 and f! are nonlinear. The nonlinearity leads
to a complex model for the confined concrete stress—
strain relationship. In order to simplify model, the

Ecs = 0.85¢. |1+ 8

f'c/

c

Ly
/

(ﬁny’fl/smax)] { [1 + 0.75(8
&

(16)

)| e[ (2)]}
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(2)
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T Modena 2010 i
Jo |\l |
E| |

0 € 'c & Eccu

(b)

Model Considerations: Full Wrap

Model does not account for: Partial Wrap,
Longitudinal Steel, Transverse Steel, Yielding of
Transverse Steel

Model Considerations: Full Wrap, Partial Wrap,
Longitudinal Steel, Transverse Steel (The lateral
confining pressures of transverse steel and FRP are
combined)

Model does not account for: Yielding of Transverse
Steel

’
cef
Jos "% 3
i Transverse;
! steel yieldiqg
. | |
Lee et al. ; ;
’ 1 i
f 2010 | |
€. & Ec,s E.cu

(©

f;:,s __________________ ' E 2

Transverse
f0 3 steel yielding
f. Proposed Model

(Ghanem & Harik)

[ 3

(X c

(d)

ccu

Model Considerations: Full Wrap, Transverse Steel
Yielding of Transverse Steel

Model does not account for: Partial Wrap,
Longitudinal Steel

Model Considerations: Full Wrap, Partial Wrap,
Transverse Steel (The lateral confining pressures of
transverse steel and FRP are treated independently),
Yielding of Transverse Steel

Model does not account for: Longitudinal Steel (Refer
to Fig. 5,6. It concluded that the increase in (py) had
little influence on concrete confinement)

Fig. 8 Confined concrete stress-strain models: a Lam & Teng 2003 , b Pellegrino & Modena 2010, ¢ Lee et al. 2010, and d Proposed Model.

assumption of a linear relationship generated results
that are in very good agreement with experimental
ones (Demers and Neale 1999; Rocca et al. 2006; Varma
et al. 2009; Lee et al. 2010). Consequently, a linear rela-
tionship between f,,, and f/, and f, 5 and f; is adopted
in the proposed model.

Mander’s model (1988) is used to calculate stress of

confined concrete due to transverse steel

fc/c,s (&c,s/Eccu,s)Ts
rs — 1+ (ecs/€ccus)™

fc,sy =

(23)
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Table 4 Stress-strain models for FRP confined concrete.
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Lam and Teng (2003) Pellegrino and Modena (2010)
—for 0<ec <efc=Fe — (E‘ EZ) 5( —for 0 <ec <éeccufc= % + Erec
for & <ec,fo =1 +Ee [H( R ”
- t cilce = 1¢ 2&c _ 1 A . — fc/(*fc/
ft! =1+ gaymenio =fe —hieaibr = 5575

o — 2f! _
N ] EZ 2= Eccu

f :fg(1 +33%)

a[irsea(h) (25)")

EONG)
()

A, B and « are coefficients defined in Tables 3 and 4, and 5 (Pellegrino and Modena 2010)

Lee et al. (2010)

Proposed model (Ghanem and Harik)

2
—for 0 <ec <e.fr=FEec+(fl— Eceé)(%?) —for,

! e \07
—for e <éc = gcsife = fc, + (fes — fc,)( — )

0<e <efe=

E—E
(Ec—Epec 7 + E_‘ 8?7

()]

—forecs < ec < ey, fe = fes + Ex(ec — &c5)

Ecs—E,
o £y fsh. g ff
, fe—tes 0.7 1= &cs 2= Eccu—Ecs
—for e.s <ec < eccufe = fos + (Fl — c,s)(gm,g’“) n=14+ 1
- (Ecer/ =T
‘
cs = eccs[085 + 003 ({02
cs ‘CU[ + - \fismax firmax = fismax m=|——|din|L(f, — —CE=flees
fes = 0.95f/, I(ecs) E\'es = ;] }V"
fo

ecs = 07eccy

£o= [t O‘4f/ f/,f,ma><<f/,s,ma><
s — cc

Eccu

firmax
- for firmax < fismax

ks = fsmax

1 for firmax > fismax
’ o f/
fl.= fc(1 + Zf?’)

045
Fry = [ 75+ 525 (Lemacrilmax) (g ) }

€

£ . = loreAcoretfcoverAcover
s = A

fos = 0,854(1 +8M>A{ [ +0A75("’5’—g)]0‘7 —exp {—7(%)”
f£ _f/{1+155( fmax)(N/qu)ogm55(”““3*)}
by =€ |:24+15<f/fmaX)<Nquf)O'3+77( smaxﬂ

in which 7 is a constant to account for the brittleness of
concrete and is determined by Mander et al. (1988)

B
E. _fc,c,s/ Eccus

Vg =

(24)

where f, - and ¢, are the peak compressive stress and
strain, respectively, of confined concrete under the trans-
verse steel confining pressure at yielding of transverse
steel and can be calculated using the following equations
(Mander et al. 1988).

’
fc/c,s :fc/ 2.254 1 + 7. 94fl,s max _ Zfl,s,n?ax _
V r I

1.254
(25)
’
Eccu,s = Sé |:1 +5 ( ;:/,s):| (26)
c

The confined concrete stress due to FRP, f, fp can be
expressed as follows

fc/cf(gcs/gccuf)”f
-1+ (Scs/gccuf) !

Jepy = (27)

in which, rfis a constant that accounts for the brittleness
of concrete and can be calculated as Mander et al. (1988)

E.

V= -
4 E. _fc/cf/gccu,f

(28)

where f f and ¢, (are the peak compressive stress and

ccy,

strain, respectively, of FRP confined concrete at yielding
of transverse steel. They can be determined using the fol-
lowing equations (Teng et al. 2007)

)

fc’cf=ﬂ<1+3 (29)
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Fig. 9 Summary of the proposed confined concrete stress—strain model.
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Fig. 10 Comparison between the proposed model and FE compressive (f) versus axial strain (€.) for Group 1: a fully wrapped (FW in Fig. 2) column,
b column with 2 strips (52 in Fig. 2), and ¢ column with 5 strips (S5 in Fig. 2).

Eccuf = €q [1 +175 (f}f/yﬂ (30)

A summary of the proposed confined concrete stress—
strain model is presented in Fig. 9.

6 Comparison of Proposed Model with FE

and Experimental Results
A comparison between the proposed confined concrete
stress—strain model and the finite element model is pre-
sented in Fig. 10 for RC columns in Group 1 that are par-
tially and fully wrapped with FRP. The comparison shows
that, as the stress approaches the ultimate confined com-
pressive concrete stress, the model accurately predicts
the overall behavior of the columns as well as stress and
strain at ultimate.

The proposed model is also compared with experimen-
tal results for fully wrapped circular columns in Fig. 11

(Demers and Neale 1999; Lee et al. 2010) and partially
wrapped columns (Rocca et al 2006; Varma et al. 2009)
in Fig. 12. The results are also compared with ones gener-
ated from the three models presented in Tables 4 (Lam
and Teng 2003; Lee et al. 2010; Pellegrino and Modena
2010). Except for column U25-2 (Demers and Neale
1999) in Fig. 11b, the proposed model predicted the
stress at ultimate for fully and partially wrapped columns.
The other models overestimated the stress at ultimate for
all columns. Figures 11 and 12 show that the considera-
tion of yielding of transverse steel in the model leads to
better prediction of the column behavior beyond that
point. Although the model by Pellegrino and Modena
(2010) accounts for the transverse steel, its influence can-
not be separated from that of the FRP strips since the
total lateral confining pressure, f;, combines the trans-
verse steel and FRP pressures while the proposed model
treats them independently.
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Fig. 11 Comparison between the proposed model and experimental compressive stress () versus axial strain (g.) for fully wrapped circular RC
columns.

7 Conclusions

This paper evaluated the effectiveness of partial wraps (or
strips) and proposed an analytical model for describing
the compressive behavior of RC columns that are partially

and fully wrapped with FRP. Three-dimensional finite ele-
ment (FE) models were generated to study the influence,
on the behavior of the concentrically loaded columns, of
the unconfined compressive strength (fc'), the number of
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Fig. 12 Comparison between the proposed model and experimental compressive stress (f,) versus axial strain (¢.) for partially wrapped circular RC
columns.

strips (N)), the FRP volumetric ratio (py), the transverse
steel reinforcement ratio (p,,), and the longitudinal steel
reinforcement ratio (pg). It should be noted that the col-
umns wrapped with one, two, or three strips are not of
practical interest and are used herein to illustrate the

influence of partial wrapping as the analysis transitions
from an unwrapped column to a partially wrapped col-
umn with one to seven strips, to a fully wrapped column.

For the columns evaluated in this paper, the parametric

study indicated the following:
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(1) The influence of increasing the unconfined com-
pressive strength (f/) has a pronounced effect on
the increase in the confined concrete compressive
strength (£, )

(2)As the number of identical strips increases (or p;
increases), the influence of the transverse steel con-
finement (p,,) decreases

(3) The contribution of the longitudinal steel has lit-
tle influence on the confined concrete stress—strain
behavior

(4) The increase in the number of strips (N;=1-7), while
keeping the FRP volumetric ratio (p) constant, leads
to an increase in the ultimate compressive stress,
strain and ductility. This indicates that, for a spe-
cific py it is more effective to fully wrap the column
in order to increase the ultimate confined concrete
compressive stress and axial strain.

Based on the parametric study, a new model is pro-
posed for the confined concrete compressive stress and
axial strain in partially and fully wrapped columns. The
primary advantage of the model is its separate account
of the yielding of transverse steel, which influences the
behavior of the stress—strain relationship beyond that
point. Compared to experimental data on partially and
fully wrapped columns, the proposed model was capable
of predicting the stress at ultimate while the other models
overestimated its magnitude.
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