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gi 5  Abstract
25 o . ) . _ . .
26 6  Even though analysis-oriented models exist to simulate the axial and dilation behavior of reinforced
% 7  concrete (RC) columns strengthened with fiber-reinforced-polymer (FRP) full confinement arrangements,
gg 8 a reliable model developed/calibrated for FRP partially imposed confinements is not yet available,
31 9 identified as aresearch gap. Therefore, this paper is dedicated to the development of a new analysis-oriented
gg 10  model generalized for fully and partially confined RC columns under compression. In addition to vertical

34 11 arching action phenomenon, the influence of the concrete expansion distribution along the column height
36 12 on confining stress is considered in the establishment of the combined confinement from FRP strips and
ag 13 steel transverse reinforcements. A new unified dilation model is proposed, where the substantial effect of
39 14  additional axial deformations induced by damage evolution in unwrapped zones is formulated by
41 15  considering available experimental results. This model is coupled with an axial stress-strain formulation
43 16  thatincludes a new failure surface function for simulating the dual confinement-induced enhancements,
44 17 which are strongly dependent on the confinement stiffness. The developed model considers the influence
46 18  of partially imposed confinement strategy on the axial and dilation behavior of RC columns, whose
48 19 validation is demonstrated by simulating several experimental tests. Lastly, a parametric study is performed
49 20  to evidence the dependence of FRP-steel confinement-induced enhancements on steel hoop and FRP

51 21  spacing, and on the concrete compressive strength.
54 22 Keywords: RC columns; FRP confinement; Steel confinement; Dilation model; Stress-strain model;
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1 - Introduction

The confinement of existing circular reinforced concrete (RC) columns with fiber-reinforced-
polymer (FRP) composites has been progressively demonstrated as a competitive strengthening
technique for increasing the axial load carrying and deformation capacity of these structural
elements. Numerous studies have been carried out to investigate the influence of FRP confining
system on the axial and dilation behavior of concrete/RC columns, leading to the development of
several analysis/design-oriented stress-strain models. Nonetheless, most of these models do not
consider the confinement provided by existing steel hoop/spiral reinforcements, neither the mutual
interference of this hybrid reinforcement (FRP and hoop/spiral) on the final confinement.
Furthermore, in general, they are only applicable to full confinement arrangement and,
consequently, their applicability for the case of FRP partially imposed confinement is at least
arguable. For a comprehensive investigation, existing studies available in the literature were
analyzed and classified into two distinctive categories: i) those of experimental and numerical
nature that consider the influence of key parameters on full/partial confinement
mechanism/performance; ii) those of analysis-oriented framework that simulate theoretically the
axial and dilation behavior of concrete/RC columns with dual FRP-steel confinement.

In the first category, for the case of FRP fully confined circular concrete elements (FC as shown
in Fig. 1a), Lin et al. [1] experimentally evidenced that the effectiveness of this confinement
system remarkably depends on concrete axial compressive strength and FRP thickness. For the
case of FRP partially confined circular concrete elements (PC as shown in Fig. 1a), Wang et al.

[2] demonstrated the FRP strip spacing (s, ) plays a key role in the establishment of their axial and
dilation behavior. Zeng et al. [3, 4] experimentally revealed that by increasing s, , the ratio of

concrete lateral expansion at the strip mid-plane and at the mid-height of FRP strips grows
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remarkably, leading to a non-homogenous distribution of concrete expansion and confining stress
along the column height. Wang et al. [5] performed an experimental study to evaluate axial and
dilation responses of FRP fully confined circular RC column (FR as shown in Fig. 1a). It was
demonstrated that the dual confinement mechanism of FRP jacket and steel hoops is able to

considerably enhance axial strength and deformability of FR, compared to FC, depending on steel

hoop spacing (S, ). Kaeseberg et al. [6] experimentally demonstrated the substantial influence of

S, on the confinement-induced enhancements of FR, whose level also depends on the volumetric

ratio and yield strength of steel hoops, as also confirmed by [7]. Eid et al. [8] experimentally
showed that steel spiral reinforcements are more effective than steel hoops for the improvement of
the axial and dilation responses of FR, which was also shown by [9]. Based on finite element
analysis, Zignago and Barbato [10] evidenced the significant influence of the steel hoop
confinement on the peak axial strength of FR, but its contribution has decreased with the increase
of the concrete compressive strength and FRP confinement stiffness. Barros and Ferreira [11]
investigated the axial and dilation behavior of FRP partially confined circular RC columns (PR as
shown in Fig. 1a) with different confinement arrangements. The results indicated that even though
the partial confining strategy was not as efficient as full confinement, it could be sufficient to
assure high levels of load-carrying capacity and deformability with a good compromise between
efficiency and cost-effectiveness. Furthermore, it was demonstrated that the confinement-induced
enhancements were more significant in PR columns with closely spaced FRP strips and relatively
low concrete compressive strength.

On the other hand, in the second category, several theoretical-based models [12-15] have been

proposed to simulate axial and dilation behavior of concrete/RC columns with FRP or dual FRP-

steel confinement, It is now well-known that at the same level of confinement pressure ( f,), there
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is a remarkable difference in the level of enhancements provided by passively- and actively-
confinement systems ( f, varies and is constant, respectively, during axial loading). This
difference is generally known as Confinement Path Effect. In general, to determine the axial stress-

strain curve of passively-confined concrete (i.e. FRP confined concrete), an axial stress-strain base

model, f,=g,(f.), is adopted, where g, represents the mathematical function of the model for
determining a certain value of axial stress ( f.) from a specified value of peak axial strength ( f_.)

at a given axial strain (&, ), as demonstrated in Fig. 1b. Subsequently, the confinement path effect

is considered by using a failure surface function applicable to passively- confining system,

f.. =0,(f ), which determines f_ from the confinement pressure ( fl) atagiven ¢, through the

g, -function. Teng et al. [12] proposed an analysis-oriented model applicable to FC in which a new

failure surface function was developed/calibrated based on test results of FC rather than actively-
confined concrete. Zeng et al. [3] generalized Teng et al. [12]’s models for the case of PC by
adopting the well-known concept of confinement efficiency factor (suggested by Mander et al.
[13]). It was demonstrated that this approach results in misleading predictions of experimental

axial and dilation behavior of PC, particularly for specimens with a relatively large s, . Shayanfar

et al. [14] proposed a generalized analysis-oriented model for FC and PC, coupled with the dilation
model developed by Shayanfar et al. [15]. In this model, a new failure surface function applicable
to passively-confined concrete was developed based on a large test database of FC/PC.
Furthermore, besides the vertical arching action, the effect of non-uniform distribution of concrete
lateral expansion along the column height of PC was considered. For the case of FR, Pellegrino
and Modena [16] proposed an axial stress-strain model, where the interaction mechanisms between

internal FRP full confinement and steel transverse reinforcements were considered based on
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experimental observations. Hu and Seracino [17] developed a new confinement model for FR,
where the contribution of steel hoops and FRP jackets in the failure surface function is evaluated
according to the Mander et al. [13] (originally developed for steel-confined RC columns) and Jiang
and Teng [18]’s models, respectively. Similarly, Teng et al. [19] extended the model of Jiang and
Teng [18] for the case of FR by using the ratio between the FRP confinement stiffness and the
effective confining stiffness of steel transverse reinforcements for considering the effect of their
dual confinement mechanism. Even so, to the best of the authors’ knowledge, the development of
a robust analysis-oriented model for the case of PR to predict the full range of axial- stress—strain
response is still lacking.

The present study aims to introduce a robust confinement model generalized for FRP full and
partial confinement arrangements (FR and PR), where the key components of this model are
calibrated based on existing experimental results. For the establishment of the FRP-steel equivalent
confinement pressures uniformly distributed over the column height, the influence of non-
homogenous distribution of concrete lateral expansion on their confining stress is required to be
addressed, besides vertical arching action. For quantitatively characterizing this influence, a
reduction factor with an analytical framework is suggested where the degree of its dominance in
the equivalent confinement pressure is strongly dependent on confinement configuration i.e. steel
hoop/spiral and FRP spacing and FRP confinement stiffness, in addition to cross-section geometry.
Subsequently, an extended version of the dilation model recommended by Teng et al. [19],
originally developed for FR, is introduced for the case of PR. In this extended/improved model,
new parameters are proposed to reflect the substantial effects of additional axial deformations
induced by damage evolution in unwrapped zones, peak Poisson’s ratio, and non-homogenous

concrete expansion distribution on axial strain-lateral strain relation. This model is, then, coupled



O©CO~NOOOTA~AWNPE

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

with axial stress-strain models for concrete core and cover areas that include a confinement
stiffness-based failure surface function calibrated for partially imposed FRP-steel confining
systems. Lastly, the reliability of the proposed analysis-oriented model is demonstrated by
comparison with existing experimental results and those predicted by Teng et al. [19]’s model
generalized based on the well-known concept of confinement efficiency factor (suggested by

Mander et al. [13]).

2 - Characteristics of Unconfined Concrete Columns

To calculate the confinement-induced improvements in terms of axial compressive strength and
deformability, the characteristics of unconfined concrete compressive strength ( f.,) and its
corresponding axial strain (&,,) are necessary to be determined as basic parameters. The studies

(i.e. [20-32]) have evidenced a remarkable size effect, resulted from the energy release of the
elastic strain when concrete enters in its softening stage, which is also dependent of the relative
stiffness of the specimen versus of the adopted testing equipment. This influences the compressive

strength of unconfined concrete specimens, being it dependent on the parameters affecting the
axial stiffness of the specimen, namely the specimen’s aspect ratio (L/D) and concrete elasticity
modulus, E,. This last parameter reflects the concrete stiffness, which is influenced not only on
the quality of the matrix and aggregates, but also on the aggregate-matrix interface zone [24-29].
Sim et al. [25] proposed an empirical formulation, calibrated by using results from 1509 test
specimens of unconfined concrete, having a better performance in predicting experimental f_,
compared to Bazant [27] and Kim and Eo [28]. Accordingly, in this study, the well-calibrated

model suggested by Sim et al. [25] was adopted to calculate f_, as presented by Eq. (1) (with a

slight rearrangement):
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L/D —0.6 0.122 0.088
f,=|0.63+0.9 (LD) fc'0=1.063(@j (Bj foo ©)
1+0.017D D L

where f_; is the compressive strength of the standard cylinder with D =150 mm and L =300 mm
(the reference specimen’s dimensions), assumed as a representative. Note that for the case of the
representative, f,=f.

On the other hand, studies (i.e. [20-22, 30-32]) demonstrated a strong relation between concrete
compressive strength ( f_,) and its corresponding axial strain (&, ), where ¢_, increases with f_,
. Besides the effect of f_,, Jansen and Shah [20] evidenced that the column aspect ratio (L/D)
has a noticeable influence on the ¢_,, which was also confirmed by [22]. In the present study, for
the estimation of ¢, by considering the size effect, a large database including 604 unconfined
concrete specimens was collected as presented briefly in Table 1. According to the compiled

database, the best-fit expression obtained from regression analysis, as a function of f_, and

column aspect ratio (L/D), is proposed:
0.25
£ = 0.0011(%)) )

whose predictive performance over the corresponding collected experimental data (&/3" / e2?)is
shown in Fig. 2 for the considered variables: f.,, L/D and D . The obtained statistical indicators

presented in Table 2 demonstrate that Eq. (2) is able to predict with acceptable accuracy the
experimental counterparts. Furthermore, Table 2 shows that the proposed expression has a better
predictive performance than those recommended by Lim and Ozbakkaloglu [31] and Popovics

[32].
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3 - Simulation Procedure of Axial Response for FR and PR

To establish the axial stress versus axial strain relationship of FR/PR with the combined
confinement from steel transverse reinforcements and FRP jacket, the following procedure was

adopted:

a) Determination of the equivalent confinement pressure imposed by steel transverse

reinforcements ( f, ;) and FRP jacket (f ;) by considering both the effect of non-

homogenous distribution of concrete transverse expansibility over the column height and
the vertical arching action phenomenon.

b) Determination of the average axial compressive strain along the column height (&,) at a

certain level of concrete lateral strain (¢, ;) obtained from a unified dilation model.
c) Determination of the axial stresses carried by concrete core and cover areas ( f."* and

f.°"" | respectively) at a certain level of ¢, based on the ‘Active Confinement Approach’.

In this approach, the axial stress-strain relation of passively-confined concrete is derived
based on an axial stress-strain base relation model developed for actively-confined
concrete, where the differences of passive and active confinement systems are reflected in

terms of their confinement-induced improvements.

Since full confinement system is a special case of partial confinement configuration where

s, =0, a unified approach that depends on s, will be established, in order to dealt with both

confinement arrangements with the same formulation. Accordingly, as close s, is to the null

value, as close is the behavior of a column when subjected to a full confinement configuration

(FR). Likewise, when the spacing of steel transverse reinforcements is above a certain limit
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(its contribution would be insignificant in dual confinement mechanism with FRP jacket), the
prediction continuity between FR/PR and FC/PC can be achieved. Therefore, through a
generalized mathematical framework based on unification approach, an unique formulation

was developed to be applied to PC, PR, FC and FR.

4 - Confinement Pressure Generated by FRP and Steel Transverse Reinforcements

This section addresses the determination of the confinement pressure generated by FRP full/partial
confinement system and steel transverse reinforcements. Fallahpour et al. [33] demonstrated
experimentally that there is a non-uniform distribution of concrete lateral strain that generates a
non-uniform confining pressure along the column height, which is dependent on the confinement
stiffness, as was also confirmed by [34-36]. For FC with high level of FRP confinement stiffness,
since strong restrictions are imposed against the concrete expansibility, an almost null gradient of
concrete expansion along the column height is expected. However, for lightly-confined concrete,
the damage evolution cannot be homogenized, leading to strain localization due to the lack of
sufficient confinement stiffness [36]. On the other hand, the non-uniform distribution of concrete

lateral expansion for the case of PC is more pronounced than in FC, whose level is significantly

dependent on the s, , as evidenced by Zeng et al. [4] and Guo et al. [37]. For the case of FC/PC,

Shayanfar et al. [14] have specified a reduction factor for FRP confining stress aiming to develop
an equivalent confining stress acting uniformly over the concrete column height. Accordingly, by

assuming that the maximum concrete expansion (¢, ;) occurs at the mid-distance between FRP
strips in case of PC (Fig. 3) leading to a confining stress equal to E, ¢, ; (where E; is the elasticity
modulus of FRP strips), the equivalent confining stress can be expressed as k E¢, ;, where ki

is the reduction factor specified by Shayanfar et al. [14].
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Therefore, for the case of PR, considering the effect of vertical arching action between FRP strips,

the equivalent FRP confinement pressure ( f, ;) acting uniformly over the column height can be

derived based on lateral force equilibrium as (the meaning of the symbols representing geometric

entities are shown in Fig. 1):

n.t.w n.t.w
fo=2k —— "1 Ek Rg =2k k., R——1T E¢
It v f D(Wf+Sf) iKe 6 j v, K D(Wf+Sf) £ €1, 3
Rearranging Eq. (3) yields:
w
fl,f :kv,fkffPRKLc m _;Sf & (4)
in which
n.t.E
—o 1171 5
Lo D )

where K, ; is the reduction factor reflecting the effect of vertical arching action between FRP

strips; k™ is the reduction factor reflecting the effect of non-homogenous concrete expansion
along the height of PR (the superscript represents the type of confined column that this factor is
applicable to). Note that to calculate f, ; by Eq. (4), the reduction factors k.™ and k,; need to

be addressed as input parameters, which will be presented in Section 4.1 and Section 4.2,

respectively.

By considering the influences of the concrete expansion distribution and vertical arching action

between steel transverse reinforcements, the equivalent confinement pressure ( f, ), imposed

10
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uniformly on the core of PR can be determined from lateral force equilibrium as (the meaning of

the symbols representing geometric entities was shown in Fig. 1):

fo =2k, k™ QS‘; E.& | for kﬁPRglyj <&, (6a)
fio =2k, 92 fh for kﬁPRglyj > &, (6b)

c~s

where K, is the reduction factor reflecting the effect of vertical arching action between steel
transverse reinforcements; D. is the diameter of the concrete core (Fig. 1); A, Iis the cross-
sectional area of a steel confining spiral/hoop; s, is the distance between steel transverse

reinforcements; E;, ¢, and f, are the elasticity modulus, yield strain and stress of steel

transverse reinforcements, respectively. To calculate f,, by Eg. (6), besides k™, the reduction

factor of k, , should be determined as an input parameter, which will be presented in Section 4.2.

To do not introduce unnecessary complexities in the formulation, the hoop strain of steel confining
reinforcement was assumed to be identical to the hoop strain of FRP jacket based on Teng et al.

[19]’s recommendation.

4.1- Non-homogenous Distribution of Concrete Lateral Expansion

Experimental studies (i.e. Zeng et al. [4] and Guo et al. [37]) have evidenced that concrete regions
between FRP strips (unwrapped zone) in a partially confining system experience a larger dilatancy
during axial loading, compared to the wrapped ones as typically illustrated in Fig. 3a. Since the
concrete expansion produces FRP confining strain/stress, Shayanfar et al. [35] have confirmed that
by assuming a homogenous concrete expansibility along the column height in the model (k, =1,

representing the same concrete expansion for the unwrapped and wrapped), the real dilation and

11
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axial behavior cannot be correctly predicted, particularly for a partial system with a relatively large

S¢ .

Shayanfar et al. [14] evidenced that k™ (the ratio of average concrete lateral expansion within
the strip zone to the maximum concrete expansion (¢, ;) along the damage zone length (L, ), as
illustrated in Fig. 3) is strongly dependent on s, . For a closely spaced FRP strips, k™ tends to
be similar to k™", being equal in the case of full confinement (s, =0). However, for a largely

spaced FRP strips (s, > L,,, where L, is the damage zone length of unconfined concrete to be

latter determined) with marginal FRP confinement effectiveness, k. approaches to kgSCR
similar to the case of RC columns (SCR: confined only by steel transverse reinforcements).

Accordingly, k.™ can be reasonably considered on the interval [kaR,kﬁFR]. By assuming

k™" as being linearly dependent of s, /L, , it can be expressed as (Fig. 3a):

kﬁ PR _ kﬁFR _(kﬁFR _kgSCR)S_f > kgSCR @)
d0

where L,, can be obtained as suggested by Wu and Wei [38]:

0.57Si=1.71—3.53><1075Ag <1.36 8
(8)
Ang
6.3
W, = <1 9)
\) ch

where A, is the total area of the section; y, is the calibration factor reflecting the effect of

concrete compressive strength in terms of damage zone length of unconfined concrete.

12
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In Eq. (7), kgSCR is the ratio between the minimum and maximum concrete expansion within L,

in the case of steel-confined RC columns. By decreasing S, the concrete lateral expansion tends

to be smaller and more-homogenously distributed. Hence, k‘f‘CR approaches to 1, representing
uniform concrete expansion over the column height, for the case with very closely spaced steel
transverse reinforcements. However, due to its marginal influence when s, > L, ([39-42]), k‘f’cR

can be considered almost 0.08 similar to the case of unconfined concrete, as recommended by

Shayanfar et al. [15]. Consequently, by assuming kgSCR on the interval [0.08,1] and a linear

relation with s /L,,, K.°* can be expressed as:

SS

k SR =1-0.92->->0.08 (10)

d0

In Eq. (7), k™ is the reduction factor to account for non-uniform confinement along the column
height of FR, representing the ratio of average concrete lateral expansion along L, to the

maximum concrete expansion (¢, ;) as illustrated in Fig. 3b. In this figure, |. represents the

threshold of FRP-based confinement stiffness above which a uniform distribution for concrete

lateral expansion along the column height is assumed. Based on an approximate method with

analytical framework, Shayanfar et al. [14] proposed a reduction factor (kﬁFC) applicable to FC,
as a main function of a confinement stiffness index (I, ). In this model, above a certain level of
confinement stiffness (1, >1;), since strong restrictions are imposed to the concrete

deformability, an almost null gradient of concrete expansion along the column height was assumed

(representing k. =1), as evidenced experimentally by Wei and Wu [36]. Nonetheless, for

13
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lightly-confined concrete (1, <17 ), the damage evolution is not uniform (kﬁFC <1), leading to
strain localization due to the lack of sufficient confinement stiffness. In the present study, by
extending Shayanfar et al. [14]’s model in order to be applicable to the case of FR, k. is

proposed as (Fig. 3b):

1 2

k FR =_+_k FR 11
"3 3" 4
in which
FR SCR SCR If If 2 *
k= k5 (15 2 - 115t for 1, <1} (12a)
f f
k=1 for 1, >1] (12b)
with
I =0.06+0.0005f,, (13)
K
|y ==t (14)

c0

where | is the FRP confinement stiffness index; | is the threshold above which k™ =k ™ =1
; k™ is the ratio between the minimum and the maximum concrete expansion along L, in a FR.
As aresult, by calculating k*%, k™ and k. ™ by Egs. (10), (12) and (11), respectively, k™ for

the case of partially imposed confinement on RC column can be calculated by Eq. (7). The

dominance degree of kﬁPR in f,; and f  is strongly dependent on steel hoop/spiral and FRP

spacing (s, /Ly, and s, /L,,) and FRP confinement stiffness (1 ). Accordingly, for the case of

14



O©CO~NOOOTA~AWNPE

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

well-confined RC columns (I, >17) with closely spaced steel hoop/spiral and FRP strips, k.

tends to be equal to one, representing a uniform concrete expansion distribution over the column

height.

It is noteworthy that for the case of FR/ PR with s, > L, , Eq. (10) provides k,*** =0.08, and the

equations for determining k™ (Eq. (7)) and k. (Eq. (11)) degenerate on those proposed by

Shayanfar et al. [14] for FC/PC. It confirms the unified character of the extended model developed

for FR/PR with FC/PC.

4.2- Vertical Arching Action

Due to vertical arching action, the concrete regions of a partially confined column can be
distinguished in two distinct confined areas: i) effective confinement area, and ii) ineffective
confinement area, as illustrated in Fig. 4. In order the entire cross-section area at transverse and
longitudinal directions could be considered as a uniformly confined concrete volume, an effective

confinement pressure is used by applying a reduction factor, k,, to the confinement pressure.

Considering the effect of vertical arching action for the case of FRP partial confinement (Fig. 4a),

Shayanfar et al. [15] proposed a new formulation to calculate k, ; as follows:

W, +5 1—Sf+043 3 2—007 50|
f f n ~ : ~
D D D (15)

k . =
Wi +S;

v, f

which can be conveniently simplified to:

w, +5S, exp(—0.98R
s p( f)gl -

W; +S;
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w

R, :Bf (17)

For the case of steel-confined concrete (as a partial confinement system), a reduction factor k, ,

reflecting the influence of vertical arching action (Fig. 4b), can be determined following the same

principles adopted in the development of Eq. (16) resulting

K,s = Cq eXp(-0.98R,) <1 (18)
where
s
R, = Esc (192)
_ [1+0.84R, for steel spirals (19b)
| for steel hoops

The equation of C,_  parameter was derived based on Mander et al. [13] (k,, =1-R /2 and

shc

K, = (1— R, /2)2 for spiral and hoop cases, respectively).

As a result, by using K, ;, k, . and k™ by Egs. (16), (18) and (7), the equivalent confinement

v,

pressures generated by FRP jacket and steel transverse reinforcements at a given ¢, ; can be

calculated by Egs. (4) and (6), respectively.

5- Dilation Model of FR/PR

The methodology for determining the dilation response of FR and PR during axial compressive
loading is addressed in this section. For the case of FC, the initial transversal expansion of the

confined concrete is almost the same of unconfined one of same strength class. However, above a
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certain axial compressive deformation, which depends on the concrete strength class, the micro
defects in the concrete microstructure degenerate in meso-defects, and the lateral concrete
expansion start increase significantly, which is reflected in the pronounced increase of the
Poisson’s ratio and a transition zone starts being visible as shown in Fig. 5 (discussed in detail
later). The magnitude of concrete expansion rate is dependent on the stiffness of the confinement
systems. With the degeneration of meso- into macro-defects, the concrete experiences its
maximum expansion rate, which is followed by a descending trend with a lower dilatancy. Further
information about the influence of the confinement on dilation behavior of FC under compression

can be found in [43-48].

To highlight the influence of steel confining hoops on dilation characteristics of FR, the dilation
results obtained from the experimental study conducted by Wang et al. [5] for the cases of FR and
FC are compared in Fig. 5. For this purpose, the test specimens of C2HOL1 (FC) and C2H1L1

(FR), fully confined by one layer of CFRP jacket, were selected. For C2H1L1, the distance

between steel hoops was reported as 120 mm (R, =0.71). As can be seen in Fig. 5a, beyond the
transition zone, at a certain level of axial strain (&, ), the concrete lateral expansion (¢, ;) of FC
was larger than that of FR. Based on the volumetric strain (&, =&, —2¢, ;) versus ¢, relation

presented in Fig. 5b, FC developed a larger volumetric expansion due to the higher increase of
concrete lateral expansibility, compared to FR. Fig. 5¢ presents the relation between the secant
Poisson’s ratio (v, =&, ; /&, ; positive values are considered for both strain components) and ¢,
which confirms a smaller dilation response of FR with a lower maximum concrete secant Poisson’s

ratio (v, .., ) than that of FC.

s, max
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To predict the lateral strain versus the axial strain of FRP confined concrete, several models have
been proposed (i.e. [15, 19, 43-48]). In the present study, the well-calibrated dilation model
conducted by Teng et al. [19], developed for circular RC columns with full confinement
arrangements (FR), having a unified character for FC, will be, hereafter, adapted for being
applicable to FRP-based partial confinement arrangements. In this model, the average axial strain

along the column height (¢, ) at a certain level of ¢, ; can be obtained from:

0.7
8“- 8”.
&, =0.85¢,F; {1+ 0.75[8—]} —exp{—?(g—ﬂ (20)
c0 c0

in which
fI f fI S
F =1+8—+a— (21)
c0 c0
a =159+15.1p (22)

K FRP _nfthst K sD

Lat

- - S ¢ — _leds e for FC/FR 23
’DFS Kliiel kv,sEs'A&tD 2kv,sEs'Ast ( a)
k, . K, s.D W
Prg = —ol e i for PC/PR (23b)
2kV,SESAgt Wf+sf

where p. is the ratio between the confinement stiffness of the FRP jacket and steel confining

systems; F; is the term reflecting the influence of the combined confinement from FRP jacket and

steel transverse reinforcements on concrete dilation behavior. Note that in the present study, Eq.

(23Db) was derived/extended for the case of partial confinement based on the approach used for Eq.

(233) (s = KX /KS). Itis clear that the maximum secant Poisson’s ratio (v, . =(g,'j/gc)

18



O©CO~NOOOTA~AWNPE

337

338

339

340

341

342

343

344

345

346

347

348

) cannot be directly determined from Eq. (20). Since the secant Poisson’s ratio (v, as the ratio of

hoop/lateral strain and axial strain) must be lower than v, during axial compressive loading (

v, <v, ... ) the axial strain (&,) obtained from Eq. (20) should be consequently higher than

— 7s,max

& /Vsmax » @ @ threshold. On the other hand, for the case of partial confining systems, since the

concrete regions between FRP strips of PC/PR (unwrapped zone) are indirectly subjected to a
certain confinement pressure, more damage-induced axial deformation would be expected,

compared to FC/FR, depending on s, , as evidenced by [2-4, 49-51]. Accordingly, to simulate the

dilation response of PC/PR, the preliminary evaluations using Eg. (20), exclusively developed for
FC/FR, revealed that this model would result in misleading predictions. Consequently, based on
the aforementioned discussion, in the present study, the dilation model developed by Teng et al.

[19] was extended to the case of PC/PR as follows:

g o7 & &
¢, =0.85¢,,F, {[u 0.75ﬂﬁ} —exp{—?ﬁﬂ}+ A, >—] (24)
gco ch Vs,max
in which
S
ﬁ=1—5(1—ij)L—fzij (25)
d0
kgPR _ ngR _(kSFR _ kgSCR )S_f > kgSCR (26)
d0
0.256
V =

§,max

Lyo (27)
(1"' D j \PKT
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_ fI,T o _ fl,f D, fl,s €0
G P S P )
c0 ) €1 c0 AN
where £ reflects the influence of non-uniform distribution of concrete expansion along the column
height, which is equal to 1 for the case of full confinement. k,™ is the ratio between the minimum

and the maximum concrete expansion, which was derived based on the approach adopted for

developing k™ (Eq. (7) as also shown in Fig. 3a) due to the similarity of concepts. In Eq. (24),

A, is the calibration term representing the influence of the additional axial strain for PC/PR,

&c

compared to FC/FR; v defines the maximum secant Poisson’s ratio, which was proposed by

S,max

Shayanfar et al. [35] having a unified character for both cases of full and partial FRP arrangements.

It is noted that in Eq. (28), total confinement pressure ( f,;) acting on the entire cross-section

imposed by FRP jacket (on the entire cross-section with D) and steel jacket (on the concrete core

with D, ) was derived based on the equilibrium of lateral forces in the entire cross-section with D

diameter.

To develop A, , by assuming &,; and ¢, ; as the concrete lateral expansion at the strip mid-plane

and at mid-height between two consecutive strips, the following expression was empirically
suggested as A, :Al(gl,j - & )A2 where A and A, are calibration factors. To minimize the
complexity of this expression, A,. was rearranged by considering &; /¢, ; =1-0.92s, /L, as
recommended by [15], resulting:

A= g 1-0.92- " oot | 29
gc_Ai(gl,j_gl,i) =A|¢&;—|1-0. I—-T ;| =Al0. T (29)

0 d,0
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A regression analysis was performed to achieve the best-fit values for A and A, based on 92 test

specimens of PC and PR conducted by Barros and Ferreira [11], Zeng et al. [3, 4, 51] and Guo et

al. [37]. Itis noteworthy that the experimental values of A and A, were derived by trial-and-error

procedure in such a way that full range lateral strain versus axial strain curves predicted by the
developed dilation model could virtually coincide with those of the experimental relations. Based
on a preliminary regression analysis, A and A, were determined equal to 0.085 and 0.65,
respectively. It was, however, verified that considering the influence of FRP confinement stiffness

and R; =s; /D on the evaluation of A, a better prediction of A . was obtained, therefore the

following equation was determined:

0.9
0.0048 (KLC]

= 30
exp(L.75R, )\ fe (30)
Hence, A_ was proposed as
K 0.9 S 0.65
E, -
Ao =Ale,; -4, )AZ =0.0045¢ " L—Lj (ﬁJ (31)
ch Ld,O

where A_ =0 for the cases of FC and FR. Fig. 6 demonstrates the predictive performance of Eq.
(31). It can be seen that the calibration factor of A has a good agreement with experimental

counterparts.

Fig. 7 compares the existing approach and that proposed in the present study in the establishment
of dilation response of PC based on experimental tests conducted by Zeng et al. [3]. For this
purpose, the model proposed by Teng et al. [19] (developed exclusively for the case of full

confinement) was selected as the representative of existing approaches, where the original concept
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of confinement efficiency factor (K, , :[1—sf/2D]2, suggested by Mander et al. [13]) was

adopted to generalize this model for the case of partial confinement (presented in Appendix A). It
is noteworthy that the hoop strain in FRP strip in Teng et al. [19]’s model is equal to & ;
representing the assumption of uniform distribution of concrete expansion along the column height
(k,” =1). However, in the present study, FRP hoop strain is considered k, "¢, ; (or k"¢, in
the case of PR). As can be seen in Fig. 7, the initial dilation responses obtained from the developed
model and the generalized Teng et al. [19]’s model were almost identical. However, as shown in
Fig. 7a, beyond the transition zone, at a certain level of ¢_, the generalized Teng et al. [19]’s model
resulted in significant overestimates in the prediction of the corresponding FRP hoop strain,
compared to the experimental records, which were captured correctly by the developed dilation

model. Fig. 7b shows that the generalized Teng et al. [19] s model overestimates v and is not

s,max

able to accurately simulate v, versus &, while a suitable agreement is observed between the

responses registered experimentally and obtained with the developed dilation model. Furthermore,

the ¢, versus ¢, relations presented in Fig. 7c demonstrate that the developed dilation model is

capable of simulating more closely the & -&, response registered experimentally than the

generalized Teng et al. [19]’s model.

For further evaluation of the developed dilation model, Fig. 8 and Fig. 9 compare experimental
lateral strain versus axial strain curves of PC and PR with different confinement arrangements
reported by Barros and Ferreira [11], Zeng et al. [3, 51], Guo et al. [37] with those obtained from
the proposed model and the generalized Teng et al. [19]’s model. It can be seen, the generalized
Teng et al. [19]’s model predicts non-conservatively the experimental dilation responses of PC

and PR, which consequently overestimates the confinement pressure generated by FRP strips. The
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suitable predictive performance of the developed dilation model validates its reliability to simulate

experimental lateral strain versus axial strain curves, working for both PC and PR.

6- Axial Stress-strain Model of FR/PR

This section establishes the axial stress ( f,) versus axial strain (¢, ) relationship for FR/PR. Under

axial loading, the compressive load carried by the entire cross-section of FR/PR can be comprised
of three distinct parts: i) the load carried by concrete cover area subjected to only FRP confinement,
ii) the load carried by concrete core area under the combined confinement from steel transverse
reinforcements and FRP jacket, and iii) the load carried by steel longitudinal bars. Accordingly, at

a given axial strain (&, ), the corresponding average axial load (N ) can be expressed as:

N = F A + £ (A=A )+ TA, (32)
in which
fsI = Eslgc < fyl (33)

where £ and f° are the axial stress acting on the concrete core and cover areas,
respectively; A, is the total area of the concrete section; A, is the total area of the concrete core;
A,, is the total cross-section area of steel longitudinal bars; f, is the axial stress of steel

longitudinal bars corresponding to &,; E, and f, are the elasticity modulus and yield stress of

yl

f % and " for a range of

steel longitudinal bars, respectively. Accordingly, by calculating
&, not only can the axial stress-strain relations of the concrete core and cover areas be found, but

also the axial load ( N) versus axial strain relation of FR/PR can be calculated using Eq. (32).
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In this study, the well- known concept of ‘Active Confinement Approach’ was adopted to determine
the axial responses of . and f. " of FR/PR subjected to different confinement pressures.

The axial response of FRP confined concrete (passive confinement) is derived based on an axial
stress-strain base relation model originally developed for actively-confined concrete, by modifying
its failure surface function to make it applicable to passively-confined ones [14, 19, 35, 53-56]. By

following the axial stress-strain base relation model suggested by Popovics [32], at a given &,

f.“" carried by concrete core area under f,, and f, can be obtained as

Core
f Core __ f Core (Sc /gCC )nl
c - Tcc

(34)
n -1+ (gc g, )nl
in which
Core Core
fe 14 5{ L —1} (35)
Eeo fco
E 1
nl = Co?e Core = 0.25 (36)
R 1-0.27 "% (1- )
oaf fir+fis o
a, =115 fco ' f— <0.85 (37)
c0

where f_°" is the failure surface function as the peak axial stress of the axial stress-strain base
relation of the confined (by steel transverse reinforcement and FRP) concrete core; ¢, is the
axial strain corresponding to f_“* to be determined using Eqg. (35) recommended by Mander et

al. [13]; n, introduces the concrete brittleness term that can be calculated using the
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recommendation of Carreira and Chu [52] by Eq. (36) (with a slight rearrangement); E_ defines

the elasticity modulus of concrete.

Similarly, for the case of the concrete cover, the axial stress-strain base relation model can be

expressed by

Cover
f Cover __ f Cover (80/8C° )n2
c - Tcc

o (38)
n,—1+ (gc/gcccm’”)
in which
Cover Cover

ber =1+5{ fo —1} (39)

8c0 c0
n, = L (40)

2 1-0.271" (1-a,)
0.4

-0.1 fl f
a,=115f 7" | — | <0.85 (42)

c0

where f " is the failure surface function as the peak axial stress of the axial stress-strain base

Cover

relation of the confined (by FRP) concrete cover; £, is the axial strain corresponding to f_“"

; N, introduces the brittleness term of the concrete cover. According to Egs. (34-41), to calculate

the axial stress-strain relations of the concrete core and cover areas ( f,°" versus &, curve, and

Cover Cover
fC fCC

versus ¢, curve), f .~ and as failure surface functions are required to be

determined as input parameters.

It is now well-known that at the same level of confinement pressure, there is a remarkable
difference in the level of enhancements provided by passively- and actively-confinement systems
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in which the confinement pressure is varying and constant, respectively, during axial loading.
According to the studies conducted by Lai et al. [57, 58] and Ho et al. [59], the confinement path

effect (@) can be computed quantitatively as the difference of the peak strength obtained from the

failure surface functions of passively- and actively-confined concrete ( f. " and f_""°,

where @ <0 reveals that

Passive Active
fcc - fcc

respectively). Hence, @ can be calculated by & =

confinement-induced enhancements in a passively-confined concrete is less than those in an

actively-confined concrete system. Studies [14, 35, 56-59] evidenced that by using a failure surface

Active

function (f_ ") derived/calibrated based on actively-confined concrete columns, the

enhancements offered by a passive confinement system (as confinement path-dependent) are
overestimated, due to the significant difference of their confinement pressure paths (® <0). This
phenomenon has been evaluated comprehensively in Lai et al. [57, 58], Ho et al. [59] and

Shayanfar et al. [14, 35].

In the present study, the confinement stiffness-based failure surface function recommended by

Shayanfar et al. [14], calibrated based on a large test database of both FC and PC (passively-

confined concrete columns), was adopted. Accordingly, f_ " and f_ " can be calculated as:

Core f f R
f. :1+&( et |,s] (42)
ch RZ ch
Cover f Ry
foe ™ _ 1+ R [L] (43)
ch R2 ch

where R, and R, are the calibration terms. It should be noted that since the confinement pressure

generated by steel transverse reinforcements ( f, ;) remains constant beyond steel yielding, the
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application of a failure surface function developed exclusively for passively-confined concrete
might lead to underestimation in the calculation of the improvements induced by dual confinement
mechanism of steel transverse reinforcements and FRP jacket ([56]). However, in this study, in a
slight conservative manner, the effect of steel confinement on the determination of R, and R, was
ignored, which can be considered practically correct for the case of RC columns with largely
spaced steel transverse reinforcements due to its negligible effectiveness. Accordingly, by

following the Shayanfar et al. [14] recommendations, R, and R, can be calculated as (with a slight

modification):

24 0.67
R =K1 <425 (44)
fc/'Rf
R,=1.82p, **>0.3 (45)
in which
f K, w
P s = 1,160 Kk, fkﬁPR LeWiéeo (46)
' feoti,; ’ (Wf 3¢ ) feo
A, =0.75+0.008 ., (47)
Aee =1+0.15R *® (48)

where p, ; represents FRP confinement stiffness that considers the effect of non-homogenous
distribution of concrete expansibility through ki PR in addition to vertical arching action (k,)and
FRP volumetric ratio in a partial confinement system (the term of w, /(wf +5; )); A and A, are

the partial calibration factors representing the impact of f_, and R; on R;, respectively.
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It should be noted that a lag between the axial strain development and confining strain/stress
generation occurs with the increase of the concrete compressive strength ( f.,) due to the decrease
of its lateral deformation [57-59]. Consequently, more confinement-induced enhancements would
be achieved with the decrease of the concrete compressive strength class, which was reflected in
the development of the proposed failure surface function through the consideration of the
calibration term of A, asareduction factor for R . On the other hand, the dilation model developed
in the present study for PR differs from that used by Shayanfar et al. [14] applicable to PC.
Accordingly, since the dilation model has a significant influence on the confinement pressure and

is coupled to the axial stress-strain relation, in this study, A, (Eq. (48)) was recalibrated based on
regression analysis performed on the experimental axial stress-strain relations of 109 PC and PR
specimens to ensure its reliability. The experimental values of A, were derived by trial-and-error

procedure in such a way that full range axial stress-strain curves predicted by the developed

analysis-oriented model could virtually coincide with those of the experimental relations. Fig. 10

demonstrates the variation of A4, with R, =, /D . As can be seen, there is an upward trend of

A =® by increasing R,. Furthermore, Eq. (48) has a good agreement with experimental

counterparts.

As a result, by calculating R and R, by Egs. (44) and (45), f.** and f_ " can be determined

using Eqgs. (42) and (43), respectively. Then, based on Egs. (34) to (37) and Egs. (38) to (41), the

Cover
fC

fCCOI'e and

corresponding to ¢, are obtained, respectively. The incremental calculation

process for determining the axial stress-strain response of FR/PR based on the developed analysis-

oriented model is the following one:
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1) Calculate k™ with Eq. (7)

2) Calculate k, . with Eq. (16)

v f
3) Calculate k, ; with Eq. (18)
4) Assume a value of concrete lateral strain (¢, ;)
5) Calculate FRP confinement pressure ( f, ;) by Eq. (4)
6) Calculate steel confinement pressure ( f, ) by Eq. (6)
7) Calculate axial strain (&, ) by Eq. (24)
8) Calculate failure surface function of the concrete core ( ) by Eq. (42)
9) Calculate failure surface function of the concrete cover ( f_ ") by Eq. (43)
10) Calculate axial stress ( f.°) by Egs. (34) to (37)
11) Calculate axial stress ( f.°") by Eqs. (38) to (41)
12) Calculate the average axial load ( N ) by Eq. (32)
13) Continue the steps 4-12 up to ultimate axial strain
Accordingly, not only can N versus ¢, relation of FR/PR be found, but also f " versus ¢, and
f %" versus ¢, relations of the concrete core and cover areas can be calculated.
It should be noted that a more reliable model could be always conducted by regression analysis
through providing a comprehensive dataset having a broader range of the model variables.

According to the database used to develop/calibrate Eqs. (42) and (43), concrete strength variable

(f.,) varies from 16 to 171 MPa with the mean and CoV values equal to 40 MPa and 0.53,

respectively; confinement stiffness of the external jacket ( oy ; ) has a range of 0.002 to 0.262 with
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the mean and CoV values equal to 0.037 and 0.85, respectively; column’s diameter to total FRP’s

thickness ratio ( D/ Nt ) varies in the range of 40 to 1796 with mean and CoV values equal to 166

and 0.26, respectively; column aspect ratio (L/D) is in the range of 2 to 5 with mean and CoV

values equal to 2.09 and 0.2, respectively. Accordingly, the proposed model is limited to the

aforementioned range of the variables covered by the assembled database.

Studies [60-62] evidenced that slenderness effects have a detrimental influence on the load
carrying and deformability capacity of FRP confined concrete/RC columns, leading to an
underutilization of the FRP confinement potentialities and the necessity of considering the column
buckling. However, in the present stage of the research program, the applicability of the developed
model was only validated to the aforementioned interval of the relevant variables that govern the
response of fully/partially FRP confined concrete/RC columns, and do not cover the cases where
buckling is a design concern. Nevertheless, by developing the slenderness limit and its relative
reduction factors in terms of load carrying and deformability capacity, the methodology proposed
in the present work can be potentially extended to slender FRP confined RC columns, which will

be the focus of a future study.

7- Model Validation

This section presents the verification of the proposed model to predict the axial and dilation
responses of FR/PR under axial compressive loading. For this purpose, the results obtained from
the developed analysis-oriented model were compared with those measured experimentally by [5-
8, 11]. Furthermore, for the case of comparative assessment, the well-established model suggested
by Teng et al. [19], developed exclusively for fully FRP confined circular columns, was selected

and generalized for the case of partial confinement strategy based on the concept of confinement
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efficiency factor (Mander et al. 1988 as one of the most-cited approach). The generalized model

of Teng et al. [19] can be found in Appendix A.

Fig. 11 compares the axial force( N )/stress ( f, = N/A, )/versus axial strain (&) curves of FR and

PR obtained from the proposed model with those conducted experimentally by Barros and Ferreira
[11], Eid et al. [8], and Wang et al. [5]. As shown in Fig. 11a, the developed model is able to
predict accurately the global axial stress-strain curves of the FR specimens with the different

values of R.. In Fig. 11b-c, the developed model reveals efficient capability in simulating the

experimental responses of FR with different values of f;, and with/without concrete cover, even

though the initial axial behavior was underestimated slightly (in Fig. 11c, C2MP2N and C2N1P2N
specimens were constructed without concrete cover). The comparisons in Fig. 11d-e demonstrate
that the model is able to capture sufficiently the influence of FRP confining system on the axial
stress-strain curves of FR and PR, regardless an underestimation associated with FL3S2C32. In
Fig. 11f, a suitable performance of the developed model for the case of PR with the different values

of R, can be confirmed.

Fig. 12 and Fig. 13 compare the axial stress/force-strain curves of PR and FR obtained from the
proposed model and the generalized Teng et al. [19]’s model with those conducted experimentally
by Wang et al. [5], Kaeseberg et al. [6], Chastre and Silva [7], Eid et al. [8], and Barros and
Ferreira [11]. In general, the developed model is able to predict closely the full range of the
experimental counterparts. Furthermore, compared to the generalized Teng et al. [19]’s model, the
developed model reveals a better predictive performance in terms of axial behavior of PR and FR

with different types of confining arrangement.
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For the further examination of the developed model in terms of axial and dilation responses, the

axial stress versus volumetric strain (&,) curves of PC specimens reported by Barros and Ferreira

[11] were simulated by the proposed model and the generalized Teng et al. [19]’s model, as shown

in Fig. 14. Note that ¢, in this figure represents the concrete volumetric strain at the mid-plane of

FRP strips during axial compressive loading. As can be seen, the developed model is capable of
simulating closely the experimental volumetric variation. It is mainly attributable to the
consideration of the effect of non-homogenous distribution of concrete lateral expansion along the
height of PR in the developed model. By using Teng et al. [19]’s generalized model based on the
concept of confinement efficiency factor suggested by Mander et al. [13], exclusively devoted to
steel-confined RC columns, misleading predictions are obtained in terms of volumetric change

evolutions.

The comparative assessment demonstrated in Figs. 11-14 not only evidences the reliability of the
proposed analysis-oriented model for the prediction of axial and dilation behavior of FR and PR,
but also confirms the validity of the conducted assumptions in the consideration of the effects of
dual confinement mechanism of steel transverse reinforcements and FRP full/partial arrangement.
Furthermore, the proposed model has a unified character for the case of FRP confined concrete

(FC and PC) confirming its wide applicability.

Lastly, using the proposed model analysis on PR, Fig. 15 evaluates the dependence of FRP-steel

confinement-induced enhancements on the distance between steel hoops (s, ), the distance between
FRP strips (s;) and the concrete compressive strength ( f,,). In this parametric study, an RC

column with a diameter and height of 200 and 1000 mm was assumed. The data for the parameters

of FRP confinement configuration were n, =5, t, =0.167 mm, E, =249 GPa and w, =50 mm
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, While for the parameters of steel hoops were dj, =6 mm, f, =400 MPa, E =200 GPa.
Furthermore, for the case of the parameters of steel longitudinal reinforcements, the data were

dy, =10 mm, f, =400 MPa, E; =200 GPa . The concrete cover was considered 25 mm. Fig. 15a

reveals the effect of s, on the normalized concrete axial stress ( f,¢/f_,) versus &, relation of
PR with R, =s, /D=0.4 and f,=25MPa, where f° represents the area-weighted average

axial stress carried by concrete core and cover areas. As can be seen, while s, decreases from 150

mm to 50 mm, the volumetric change evolution tends to be reversed resulting in a higher axial
strength and smaller volumetric expansion. It highlights the influence of steel hoop confinement
in limiting the concrete tendency for an abrupt expansion. Similarly, as shown in Fig. 15b, for the

case of PR with s, =100 mm and f , =25 MPa, by decreasing R;, the response changes from

volumetric expansion to volumetric compaction, indicating a remarkable increase in FRP

effectiveness in restraining concrete lateral dilation. In Fig. 15c¢-d, shows the effects of steel hoop

and FRP spacing on fcave/ f., versus ¢, relation of PR with a higher concrete compressive strength
(f,, =50 MPa). As can be seen, FRP-steel confinement induced enhancements in the case of

f., =50 MPa are not so pronounced compared to those in the case of f., =25 MPa (Fig. 15c-d),

mainly attributable to smaller lateral deformations and a longer lag between the axial strain

development and the confining strain/stress generation for higher strength concrete.

8- Summary and conclusions

In the present study, a generalized analysis-oriented model was developed for determining the
axial compressive stress-strain relationship for circular cross-section RC columns of fully and

partially confined with FRP systems and also including transverse steel reinforcements (FR and
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PR, respectively). To derive the equivalent confinement pressures imposed by FRP jacket and steel
transverse reinforcements, the effects of non-homogenous concrete transverse expansion along the
column height and the vertical arching action were considered. An already existing dilation model
was extended to the cases with partially imposed confinement pressure and dual FRP-steel
confinement mechanism. With this information, a unified axial stress-strain model was developed
for the establishment of the axial stress-strain relations of FR and PR. A comprehensive
comparison to axial responses registered experimentally in available literature demonstrated that
the proposed analysis-oriented model has a suitable agreement with the experimental counterparts.

Based on the work presented in the current study, the conclusions can be drawn as follows:

e In contrast to the original concept of confinement efficiency factor, it is found that the
consideration of the effect of non-homogenous concrete transverse expansion along the
column height is critical to develop a rational and robust model for PC/PR. This
consideration led to a significant enhancement in the model performance to simulate
accurately axial and dilation responses of PC/PR concrete columns.

e An extended/improved version of Teng et al. (2015)’s dilation model for PC/PR is
proposed, which demonstrated a suitable level of reliability for predicting lateral-to-axial
strain relation of PC/PR, through addressing the substantial effects of additional axial
deformations induced by damage evolution in unwrapped zones, peak Poisson’s ratio, and
non-homogenous concrete expansion distribution.

e The axial stress versus axial/lateral/volumetric strain relationship of PC/PR and FC/FR can
be predicted accurately through the developed analysis-oriented model, consisting of a new
confinement stiffness-based failure surface function that addresses the confinement path

effect.
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 The investigation undertaken in the current study has demonstrated that R, =s, /D is the

most influencing parameter on the confinement-induced improvements in PC/PR. By
decreasing this parameter, the column response would drive from volumetric expansion to
volumetric compaction, dependent on the confinement stiffness.

e The methodology adopted for the model development can be taken to recalibrate the key
components of this model, resulting in a more reliable model, when more comprehensive
databases are available. Furthermore, this methodology can be extended potentially to
develop new confinement models for other concrete-type and confining materials, through
the recalibration of the failure surface function of the proposed confinement model and its

coupled dilation model.
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Appendix A

To determine axial stress versus axial strain curves of FRP fully confined RC columns (FR), Teng
et al. [19] proposed an analysis-oriented model based on active confinement approach. In the
present study, for the generalization of this model for the case of partial confinement arrangement
(PR), the original concept of confinement efficiency factor recommended by Mander et al. (1988)

was adopted.

Based on Teng et al. [19]’s model, at a certain level of concrete transverse expansion (s, ;)

representing FRP hoop strain, the corresponding confinement pressures imposed by FRP strips (

f, ;) and steel transverse reinforcements ( f, ;) can be calculated as:

For the case of FRP full/partial arrangement:

foook W g
Lt = v,fb(— £ €1, B-1
sf+wf)
in which
2
k . =1 > B-2
v.f — |t Al -
' 2D

where K, ; is the reduction factor reflecting the effect of vertical arching action between FRP
strips; n, is the number of FRP layers; t, is the thickness of a FRP layer; E, isthe FRP modulus
of elasticity; w; is the FRP width; s, is the distance between FRP strips; D is the diameter of

the circular cross-section.
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For the case of steel transverse reinforcement:

A
flo=2k,—Es) for ¢ ; <e,,
c~s
A
fie =2k, D = A, for ¢ ;> ¢,
in which
2
S
k,,=|1-— for steel hoop reinforcement
’ 2D,
S L
K,s = (1— 25 J for steel spiral reinforcement

B-3a

B-3b

B-4a

B-4b

where Kk, is the reduction factor reflecting the effect of vertical arching action between

reinforcements; D¢ is the diameter of the concrete core; A, is the cross-sectional area of a steel

spiral/hoop; s, is the distance between reinforcements ; E

S s

e, and f, are the elasticity

modulus, yield strain and stress of reinforcements, respectively. Subsequently, based on the

dilation model, the average axial strain along the column height (¢, ) corresponding to &, ; can be

calculated as:

0.7
8I,j 8|’J-
6 0856, F, {1+o.75[—ﬂ —exp{—?(—ﬂ
Eeo Eeo

in which

f
f

,S

flf
F =1+8—/—+«

c0 c0
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2kv,sEs&t
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Prs = or PR
2kv,sEs&t Wf +Sf

£,, =0.000937 f_°%

B-7

B-8

B-9

B-10

where p. is the ratio between the confinement stiffness of the FRP jacket and steel confining

systems; &, is the axial strain corresponding to f_,. Based on the active confinement approach,

the axial stress carried by concrete core area ( f,.°") corresponding to &, can be calculated as

Core
f Core __ f Core (gc /gcc )nl
c - Tcc

m
n -1+ (gc / gCCCOre)

in which

0.736

Core

f
© =1+3.5| = |+3.12 =
fo fo j foo [ 1402029, |

Core [ ¢ Core 1.2
fu 1439 Ju_ —1}

€0 c0

E

n = c
1 Core / Core
Ec - fcc Eec

E, =4730,/f,,

B-11

B-12

B-13

B-14

B-15

where f_°" is the failure surface function as the peak axial stress of the axial stress-strain base

Core

relation of the concrete core; ¢,

44

is the axial strain corresponding to
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concrete brittleness term; E_defines the elasticity modulus of concrete. Similarly, the axial stress

carried by concrete cover area ( f.°") corresponding to ¢, can be calculated as

Cover
f Cover __ f Cover (80/800 )n2
c — e

- B-16
n, _1+(€C /ECCCwer )”
in which
f Cover f
© 14 3.5£i] B-17
c0 c0
Cover f 1.2
fo - 1+17.5(L] B-18
800 c0
Ec
n2 = Cover B-19

Cover
Ec - fcc / ¢

cc

Cover
fCC

where is the failure surface function as the peak axial stress of the axial stress-strain base

Cover

relation of the concrete cover; £, is the axial strain corresponding to f_“"; n, introduces

the brittleness term of the concrete cover.

The incremental calculation process of the generalized Teng et al. [19]’s model for determining
the response of FR/PR in terms of f " versus ¢, and f.“" versus &, relations of the concrete

core and cover areas is as the following one:

1) Calculate k, ; with Eq. (B-4)

2) Calculate k, ; with Eq. (B-2)

v, f

3) Assume a value of concrete lateral strain (¢, ;)
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4) Calculate FRP confinement pressure ( f, ;) by Eq. (B-1)

5) Calculate steel confinement pressure ( f, ;) by Eq. (B-3)

6) Calculate axial strain (&, ) by Eq. (B-5)

7) Calculate failure surface function of the concrete core ( ") by Eq. (B-12)
8) Calculate failure surface function of the concrete cover ( f_ ") by Eq. (B-17)
9) Calculate axial stress ( f,"*) by Egs. (B-11) to (B-15)

10) Calculate axial stress ( f.°*") by Egs. (B-16) to (B-19)

11) Continue the steps 3-10 up to ultimate axial strain

By repeating the aforementioned calculation procedure for a range of &, ;, f."" versus &, and

f " versus ¢, relations of the concrete core and cover areas can be determined. It is noted that
that for large-sized RC specimens, Teng et al. [19] considered f_, to be 0.85f/, based on ACI

318’s recommendation [23].
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1 - Introduction

The confinement of existing circular reinforced concrete (RC) columns with fiber-reinforced-
polymer (FRP) composites has been progressively demonstrated as a competitive strengthening
technique for increasing the axial load carrying and deformation capacity of these structural
elements. Numerous studies have been carried out to investigate the influence of FRP confining
system on the axial and dilation behavior of concrete/RC columns, leading to the development of
several analysis/design-oriented stress-strain models. Nonetheless, most of these models do not
consider the confinement provided by existing steel hoop/spiral reinforcements, neither the mutual
interference of this hybrid reinforcement (FRP and hoop/spiral) on the final confinement.
Furthermore, in general, they are only applicable to full confinement arrangement and,

consequently, their applicability for the case of FRP partially imposed confinement is at least

arguable. For a comprehensive investigation, existing studies available in the literature were

In the first category, for the case of FRP fully confined circular concrete elements (FC as shown
in Fig. 1a), Lin et al. [1] experimentally evidenced that the effectiveness of this confinement
system remarkably depends on concrete axial compressive strength and FRP thickness. For the
case of FRP partially confined circular concrete elements (PC as shown in Fig. 1a), Wang et al.

[2] demonstrated the FRP strip spacing (s, ) plays a key role in the establishment of their axial and
dilation behavior. Zeng et al. [3, 4] experimentally revealed that by increasing s, , the ratio of

concrete lateral expansion at the strip mid-plane and at the mid-height of FRP strips grows
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remarkably, leading to a non-homogenous distribution of concrete expansion and confining stress
along the column height. Wang et al. [5] performed an experimental study to evaluate axial and
dilation responses of FRP fully confined circular RC column (FR as shown in Fig. 1a). It was
demonstrated that the dual confinement mechanism of FRP jacket and steel hoops is able to

considerably enhance axial strength and deformability of FR, compared to FC, depending on steel

hoop spacing (S, ). Kaeseberg et al. [6] experimentally demonstrated the substantial influence of

S, on the confinement-induced enhancements of FR, whose level also depends on the volumetric

ratio and yield strength of steel hoops, as also confirmed by [7]. Eid et al. [8] experimentally
showed that steel spiral reinforcements are more effective than steel hoops for the improvement of
the axial and dilation responses of FR, which was also shown by [9]. Based on finite element
analysis, Zignago and Barbato [10] evidenced the significant influence of the steel hoop
confinement on the peak axial strength of FR, but its contribution has decreased with the increase
of the concrete compressive strength and FRP confinement stiffness. Barros and Ferreira [11]
investigated the axial and dilation behavior of FRP partially confined circular RC columns (PR as
shown in Fig. 1a) with different confinement arrangements. The results indicated that even though
the partial confining strategy was not as efficient as full confinement, it could be sufficient to
assure high levels of load-carrying capacity and deformability with a good compromise between
efficiency and cost-effectiveness. Furthermore, it was demonstrated that the confinement-induced
enhancements were more significant in PR columns with closely spaced FRP strips and relatively
low concrete compressive strength.

On the other hand, in the second category, several theoretical-based models [12-15] have been

proposed to simulate axial and dilation behavior of concrete/RC columns with FRP or dual FRP-

steel confinement, It is now well-known that at the same level of confinement pressure ( f,), there
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is a remarkable difference in the level of enhancements provided by passively- and actively-

confinement systems ( f, varies and is constant, respectively, during axial loading). This

difference is generally known as Confinement Path Effect. In'general, to determine the axial stress-

Teng et al. [12] proposed an analysis-oriented model applicable to FC in which a new

failure surface function was developed/calibrated based on test results of FC rather than actively-
confined concrete. Zeng et al. [3] generalized Teng et al. [12]’s models for the case of PC by
adopting the well-known concept of confinement efficiency factor (suggested by Mander et al.
[13]). It was demonstrated that this approach results in misleading predictions of experimental

axial and dilation behavior of PC, particularly for specimens with a relatively large s, . Shayanfar

et al. [14] proposed a generalized analysis-oriented model for FC and PC, coupled with the dilation
model developed by Shayanfar et al. [15]. In this model, a new failure surface function applicable
to passively-confined concrete was developed based on a large test database of FC/PC.
Furthermore, besides the vertical arching action, the effect of non-uniform distribution of concrete
lateral expansion along the column height of PC was considered. For the case of FR, Pellegrino
and Modena [16] proposed an axial stress-strain model, where the interaction mechanisms between

internal FRP full confinement and steel transverse reinforcements were considered based on



O©CO~NOOOTA~AWNPE

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

experimental observations. Hu and Seracino [17] developed a new confinement model for FR,
where the contribution of steel hoops and FRP jackets in the failure surface function is evaluated
according to the Mander et al. [13] (originally developed for steel-confined RC columns) and Jiang
and Teng [18]’s models, respectively. Similarly, Teng et al. [19] extended the model of Jiang and
Teng [18] for the case of FR by using the ratio between the FRP confinement stiffness and the
effective confining stiffness of steel transverse reinforcements for considering the effect of their
dual confinement mechanism. Even so, to the best of the authors’ knowledge, the development of
a robust analysis-oriented model for the case of PR to predict the full range of axial- stress—strain
response is still lacking.

The present study aims to introduce a robust confinement model generalized for FRP full and
partial confinement arrangements (FR and PR), where the key components of this model are
calibrated based on existing experimental results. For the establishment of the FRP-steel equivalent
confinement pressures uniformly distributed over the column height, the influence of non-
homogenous distribution of concrete lateral expansion on their confining stress is required to be
addressed, besides vertical arching action. For quantitatively characterizing this influence, a
reduction factor with an analytical framework is suggested where the degree of its dominance in
the equivalent confinement pressure is strongly dependent on confinement configuration i.e. steel
hoop/spiral and FRP spacing and FRP confinement stiffness, in addition to cross-section geometry.
Subsequently, an extended version of the dilation model recommended by Teng et al. [19],
originally developed for FR, is introduced for the case of PR. In this extended/improved model,
new parameters are proposed to reflect the substantial effects of additional axial deformations
induced by damage evolution in unwrapped zones, peak Poisson’s ratio, and non-homogenous

concrete expansion distribution on axial strain-lateral strain relation. This model is, then, coupled
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with axial stress-strain models for concrete core and cover areas that include a confinement
stiffness-based failure surface function calibrated for partially imposed FRP-steel confining
systems. Lastly, the reliability of the proposed analysis-oriented model is demonstrated by
comparison with existing experimental results and those predicted by Teng et al. [19]’s model
generalized based on the well-known concept of confinement efficiency factor (suggested by

Mander et al. [13]).

2 - Characteristics of Unconfined Concrete Columns

To calculate the confinement-induced improvements in terms of axial compressive strength and

deformability, the characteristics of unconfined concrete compressive strength ( f.,) and its

corresponding axial strain (&_,) are necessary to be determined as basic parameters.
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On the other hand, studies (i.e. [20-22, 30-32]) demonstrated a strong relation between concrete

compressive strength ( f_,) and its corresponding axial strain (&, ), where ¢_, increases with f_,
. Besides the effect of f_,, Jansen and Shah [20] evidenced that the column aspect ratio (L/D)
has a noticeable influence on the ¢_,, which was also confirmed by [22]. In the present study, for

the estimation of ¢, by considering the size effect, a large database including 604 unconfined

concrete specimens was collected as presented briefly in Table 1. According to the compiled

database, the best-fit expression obtained from regression analysis, as a function of f_, and

column aspect ratio (L/D), is proposed:
0.25
£ = 0.0011(‘%? )

whose predictive performance over the corresponding collected experimental data (&/3" / e2?)is
shown in Fig. 2 for the considered variables: f.,, L/D and D . The obtained statistical indicators

presented in Table 2 demonstrate that Eq. (2) is able to predict with acceptable accuracy the
experimental counterparts. Furthermore, Table 2 shows that the proposed expression has a better
predictive performance than those recommended by Lim and Ozbakkaloglu [31] and Popovics

[32].
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3 - Simulation Procedure of Axial Response for FR and PR

To establish the axial stress versus axial strain relationship of FR/PR with the combined
confinement from steel transverse reinforcements and FRP jacket, the following procedure was

adopted:

a) Determination of the equivalent confinement pressure imposed by steel transverse

reinforcements ( f, ;) and FRP jacket (f ;) by considering both the effect of non-

homogenous distribution of concrete transverse expansibility over the column height and
the vertical arching action phenomenon.

b) Determination of the average axial compressive strain along the column height (&,) at a

certain level of concrete lateral strain (¢, ;) obtained from a unified dilation model.
c) Determination of the axial stresses carried by concrete core and cover areas ( f."* and

f.°"" | respectively) at a certain level of ¢, based on the ‘Active Confinement Approach’.

In this approach, the axial stress-strain relation of passively-confined concrete is derived
based on an axial stress-strain base relation model developed for actively-confined
concrete, where the differences of passive and active confinement systems are reflected in

terms of their confinement-induced improvements.

Since full confinement system is a special case of partial confinement configuration where

s, =0, a unified approach that depends on s, will be established, in order to dealt with both
confinement arrangements with the same formulation. Accordingly, as close s, is to the null

value, as close is the behavior of a column when subjected to a full confinement configuration

(FR). Likewise, when the spacing of steel transverse reinforcements is above a certain limit
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(its contribution would be insignificant in dual confinement mechanism with FRP jacket), the
prediction continuity between FR/PR and FC/PC can be achieved. Therefore, through a
generalized mathematical framework based on unification approach, an unique formulation

was developed to be applied to PC, PR, FC and FR.

4 - Confinement Pressure Generated by FRP and Steel Transverse Reinforcements

This section addresses the determination of the confinement pressure generated by FRP full/partial
confinement system and steel transverse reinforcements. Fallahpour et al. [33] demonstrated
experimentally that there is a non-uniform distribution of concrete lateral strain that generates a
non-uniform confining pressure along the column height, which is dependent on the confinement
stiffness, as was also confirmed by [34-36]. For FC with high level of FRP confinement stiffness,
since strong restrictions are imposed against the concrete expansibility, an almost null gradient of
concrete expansion along the column height is expected. However, for lightly-confined concrete,
the damage evolution cannot be homogenized, leading to strain localization due to the lack of
sufficient confinement stiffness [36]. On the other hand, the non-uniform distribution of concrete

lateral expansion for the case of PC is more pronounced than in FC, whose level is significantly

dependent on the s, , as evidenced by Zeng et al. [4] and Guo et al. [37]. For the case of FC/PC,

Shayanfar et al. [14] have specified a reduction factor for FRP confining stress aiming to develop
an equivalent confining stress acting uniformly over the concrete column height. Accordingly, by

assuming that the maximum concrete expansion (¢, ;) occurs at the mid-distance between FRP
strips in case of PC (Fig. 3) leading to a confining stress equal to E, ¢, ; (where E; is the elasticity
modulus of FRP strips), the equivalent confining stress can be expressed as k E¢, ;, where ki

is the reduction factor specified by Shayanfar et al. [14].



O©CO~NOOOTA~AWNPE

198

199

200

201

202

203

204

205

206

207

208

209

210

211

Therefore, for the case of PR, considering the effect of vertical arching action between FRP strips,

the equivalent FRP confinement pressure ( f, ;) acting uniformly over the column height can be

derived based on lateral force equilibrium as (the meaning of the symbols representing geometric

entities are shown in Fig. 1):

n.t.w n.t.w
fo=2k —— "1 Ek Rg =2k k., R——1T E¢
It v f D(Wf+Sf) iKe 6 j v, K D(Wf+Sf) £ €1, 3
Rearranging Eq. (3) yields:
w
fl,f :kv,fkffPRKLc m _;Sf & (4)
in which
n.t.E
—o 1171 5
Lo D )

where K, ; is the reduction factor reflecting the effect of vertical arching action between FRP

strips; k™ is the reduction factor reflecting the effect of non-homogenous concrete expansion
along the height of PR (the superscript represents the type of confined column that this factor is
applicable to). Note that to calculate f, ; by Eq. (4), the reduction factors k.™ and k,; need to

be addressed as input parameters, which will be presented in Section 4.1 and Section 4.2,

respectively.

By considering the influences of the concrete expansion distribution and vertical arching action

between steel transverse reinforcements, the equivalent confinement pressure ( f, ), imposed

10
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uniformly on the core of PR can be determined from lateral force equilibrium as (the meaning of

the symbols representing geometric entities was shown in Fig. 1):

fo =2k, k™ QS‘; E.& | for kﬁPRglyj <&, (6a)
fio =2k, 92 fh for kﬁPRglyj > &, (6b)

c~s

where K, is the reduction factor reflecting the effect of vertical arching action between steel
transverse reinforcements; D. is the diameter of the concrete core (Fig. 1); A, Iis the cross-
sectional area of a steel confining spiral/hoop; s, is the distance between steel transverse

reinforcements; E;, ¢, and f, are the elasticity modulus, yield strain and stress of steel

transverse reinforcements, respectively. To calculate f,, by Eg. (6), besides k™, the reduction

factor of k, , should be determined as an input parameter, which will be presented in Section 4.2.

To do not introduce unnecessary complexities in the formulation, the hoop strain of steel confining
reinforcement was assumed to be identical to the hoop strain of FRP jacket based on Teng et al.

[19]’s recommendation.

4.1- Non-homogenous Distribution of Concrete Lateral Expansion

Experimental studies (i.e. Zeng et al. [4] and Guo et al. [37]) have evidenced that concrete regions
between FRP strips (unwrapped zone) in a partially confining system experience a larger dilatancy
during axial loading, compared to the wrapped ones as typically illustrated in Fig. 3a. Since the
concrete expansion produces FRP confining strain/stress, Shayanfar et al. [35] have confirmed that
by assuming a homogenous concrete expansibility along the column height in the model (k, =1,

representing the same concrete expansion for the unwrapped and wrapped), the real dilation and

11
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axial behavior cannot be correctly predicted, particularly for a partial system with a relatively large

S¢ .

Shayanfar et al. [14] evidenced that k™ (the ratio of average concrete lateral expansion within
the strip zone to the maximum concrete expansion (¢, ;) along the damage zone length (L, ), as
illustrated in Fig. 3) is strongly dependent on s, . For a closely spaced FRP strips, k™ tends to
be similar to k™", being equal in the case of full confinement (s, =0). However, for a largely

spaced FRP strips (s, > L,,, where L, is the damage zone length of unconfined concrete to be

latter determined) with marginal FRP confinement effectiveness, k. approaches to kgSCR
similar to the case of RC columns (SCR: confined only by steel transverse reinforcements).

Accordingly, k.™ can be reasonably considered on the interval [kaR,kﬁFR]. By assuming

k™" as being linearly dependent of s, /L, , it can be expressed as (Fig. 3a):

kﬁ PR _ kﬁFR _(kﬁFR _kgSCR)S_f > kgSCR @)
d0

where L,, can be obtained as suggested by Wu and Wei [38]:

0.57Si=1.71—3.53><1075Ag <1.36 8
(8)
Ang
6.3
W, = <1 9)
\) ch

where A, is the total area of the section; y, is the calibration factor reflecting the effect of

concrete compressive strength in terms of damage zone length of unconfined concrete.

12
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In Eq. (7), kgSCR is the ratio between the minimum and maximum concrete expansion within L,

in the case of steel-confined RC columns. By decreasing S, the concrete lateral expansion tends

to be smaller and more-homogenously distributed. Hence, k‘f‘CR approaches to 1, representing
uniform concrete expansion over the column height, for the case with very closely spaced steel
transverse reinforcements. However, due to its marginal influence when s > L, ([39-42]), k_°*
can be considered almost 0.08 similar to the case of unconfined concrete, as recommended by

Shayanfar et al. [15]. Consequently, by assuming kgSCR on the interval [0.08,1] and a linear

SCR
ks

relation with s, /L, , can be expressed as:

SS

k SR =1-0.92->->0.08 (10)

d0

In Eq. (7), k™ is the reduction factor to account for non-uniform confinement along the column
height of FR, representing the ratio of average concrete lateral expansion along L, to the

maximum concrete expansion (¢, ;) as illustrated in Fig. 3b. In this figure, I: represents the

threshold of FRP-based confinement stiffness above which a uniform distribution for concrete

lateral expansion along the column height Is assumed. Based on an approximate method with

analytical framework, Shayanfar et al. [14] proposed a reduction factor (kﬁFC) applicable to FC,
as a main function of a confinement stiffness index (I, ). In this model, above a certain level of
confinement stiffness (1, >1;), since strong restrictions are imposed to the concrete

deformability, an almost null gradient of concrete expansion along the column height was assumed

(representing k. =1), as evidenced experimentally by Wei and Wu [36]. Nonetheless, for

13
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lightly-confined concrete (1, <17 ), the damage evolution is not uniform (kﬁFC <1), leading to
strain localization due to the lack of sufficient confinement stiffness. In the present study, by
extending Shayanfar et al. [14]’s model in order to be applicable to the case of FR, k. is

proposed as (Fig. 3b):

1 2

k FR =_+_k FR 11
"3 3" 4
in which
FR SCR SCR If If 2 *
k= k5 (15 2 - 115t for 1, <1} (12a)
f f
k=1 for 1, >1] (12b)
with
I =0.06+0.0005f,, (13)
K
|y ==t (14)

c0

where | is the FRP confinement stiffness index; | is the threshold above which k™ =k ™ =1
; k™ is the ratio between the minimum and the maximum concrete expansion along L, in a FR.
As aresult, by calculating k*%, k™ and k. ™ by Egs. (10), (12) and (11), respectively, k™ for

the case of partially imposed confinement on RC column can be calculated by Eq. (7). The

dominance degree of kﬁPR in f,; and f  is strongly dependent on steel hoop/spiral and FRP

spacing (s, /Ly, and s, /L,,) and FRP confinement stiffness (1 ). Accordingly, for the case of

14
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well-confined RC columns (I, >17) with closely spaced steel hoop/spiral and FRP strips, k.

tends to be equal to one, representing a uniform concrete expansion distribution over the column

height.

It is noteworthy that for the case of FR/ PR with s, > L, , Eq. (10) provides k,*** =0.08, and the

equations for determining k™ (Eq. (7)) and k. (Eq. (11)) degenerate on those proposed by

Shayanfar et al. [14] for FC/PC. It confirms the unified character of the extended model developed

for FR/PR with FC/PC.

4.2- Vertical Arching Action

Due to vertical arching action, the concrete regions of a partially confined column can be
distinguished in two distinct confined areas: i) effective confinement area, and ii) ineffective
confinement area, as illustrated in Fig. 4. In order the entire cross-section area at transverse and
longitudinal directions could be considered as a uniformly confined concrete volume, an effective

confinement pressure is used by applying a reduction factor, k,, to the confinement pressure.

Considering the effect of vertical arching action for the case of FRP partial confinement (Fig. 4a),

Shayanfar et al. [15] proposed a new formulation to calculate k, ; as follows:

W, +5 1—Sf+043 3 2—007 50|
f f n ~ : ~
D D D (15)

k . =
Wi +S;

v, f

which can be conveniently simplified to:

w, +5S, exp(—0.98R
s p( f)gl -

W; +S;

15
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w

R, :Bf (17)

For the case of steel-confined concrete (as a partial confinement system), a reduction factor k, ,

reflecting the influence of vertical arching action (Fig. 4b), can be determined following the same

principles adopted in the development of Eq. (16) resulting

K,s = Cq eXp(-0.98R,) <1 (18)
where
s
R, = Esc (192)
_ [1+0.84R, for steel spirals (19b)
| for steel hoops

The equation of C,_  parameter was derived based on Mander et al. [13] (k,, =1-R /2 and

shc

K, = (1— R, /2)2 for spiral and hoop cases, respectively).

As a result, by using K, ;, k, . and k™ by Egs. (16), (18) and (7), the equivalent confinement

v,

pressures generated by FRP jacket and steel transverse reinforcements at a given ¢, ; can be

calculated by Egs. (4) and (6), respectively.

5- Dilation Model of FR/PR

The methodology for determining the dilation response of FR and PR during axial compressive
loading is addressed in this section. For the case of FC, the initial transversal expansion of the

confined concrete is almost the same of unconfined one of same strength class. However, above a

16
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certain axial compressive deformation, which depends on the concrete strength class, the micro
defects in the concrete microstructure degenerate in meso-defects, and the lateral concrete
expansion start increase significantly, which is reflected in the pronounced increase of the
Poisson’s ratio and a transition zone starts being visible as shown in Fig. 5 (discussed in detail
later). The magnitude of concrete expansion rate is dependent on the stiffness of the confinement
systems. With the degeneration of meso- into macro-defects, the concrete experiences its
maximum expansion rate, which is followed by a descending trend with a lower dilatancy. Further
information about the influence of the confinement on dilation behavior of FC under compression

can be found in [43-48].

To highlight the influence of steel confining hoops on dilation characteristics of FR, the dilation
results obtained from the experimental study conducted by Wang et al. [5] for the cases of FR and
FC are compared in Fig. 5. For this purpose, the test specimens of C2HOL1 (FC) and C2H1L1

(FR), fully confined by one layer of CFRP jacket, were selected. For C2H1L1, the distance

between steel hoops was reported as 120 mm (R, =0.71). As can be seen in Fig. 5a, beyond the
transition zone, at a certain level of axial strain (&, ), the concrete lateral expansion (¢, ;) of FC
was larger than that of FR. Based on the volumetric strain (&, =&, —2¢, ;) versus ¢, relation

presented in Fig. 5b, FC developed a larger volumetric expansion due to the higher increase of
concrete lateral expansibility, compared to FR. Fig. 5¢ presents the relation between the secant
Poisson’s ratio (v, =&, ; /&, ; positive values are considered for both strain components) and ¢,
which confirms a smaller dilation response of FR with a lower maximum concrete secant Poisson’s

ratio (v, .., ) than that of FC.

s, max
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To predict the lateral strain versus the axial strain of FRP confined concrete, several models have
been proposed (i.e. [15, 19, 43-48]). In the present study, the well-calibrated dilation model
conducted by Teng et al. [19], developed for circular RC columns with full confinement
arrangements (FR), having a unified character for FC, will be, hereafter, adapted for being
applicable to FRP-based partial confinement arrangements. In this model, the average axial strain

along the column height (¢, ) at a certain level of ¢, ; can be obtained from:

0.7
8“- 8”.
&, =0.85¢,F; {1+ 0.75[8—]} —exp{—?(g—ﬂ (20)
c0 c0

in which
fI f fI S
F =1+8—+a— (21)
c0 c0
a =159+15.1p (22)

K FRP _nfthst K sD

Lat

- - S ¢ — _leds e for FC/FR 23
’DFS Kliiel kv,sEs'A&tD 2kv,sEs'Ast ( a)
k, . K, s.D W
Prg = —ol e i for PC/PR (23b)
2kV,SESAgt Wf+sf

where p. is the ratio between the confinement stiffness of the FRP jacket and steel confining

systems; F; is the term reflecting the influence of the combined confinement from FRP jacket and

steel transverse reinforcements on concrete dilation behavior. Note that in the present study, Eq.

(23Db) was derived/extended for the case of partial confinement based on the approach used for Eq.

(233) (s = KX /KS). Itis clear that the maximum secant Poisson’s ratio (v, . =(g,'j/gc)
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) cannot be directly determined from Eq. (20). Since the secant Poisson’s ratio (v, as the ratio of

hoop/lateral strain and axial strain) must be lower than v, during axial compressive loading (

v, <v, ... ) the axial strain (&,) obtained from Eq. (20) should be consequently higher than

— 7s,max

& /Vsmax » @ @ threshold. On the other hand, for the case of partial confining systems, since the

concrete regions between FRP strips of PC/PR (unwrapped zone) are indirectly subjected to a
certain confinement pressure, more damage-induced axial deformation would be expected,

compared to FC/FR, depending on s, , as evidenced by [2-4, 49-51]. Accordingly, to simulate the

dilation response of PC/PR, the preliminary evaluations using Eg. (20), exclusively developed for
FC/FR, revealed that this model would result in misleading predictions. Consequently, based on
the aforementioned discussion, in the present study, the dilation model developed by Teng et al.

[19] was extended to the case of PC/PR as follows:

g o7 & &
¢, =0.85¢,,F, {[u 0.75ﬂﬁ} —exp{—?ﬁﬂ}+ A, >—] (24)
gco ch Vs,max
in which
S
ﬁ=1—5(1—ij)L—fzij (25)
d0
kgPR _ ngR _(kSFR _ kgSCR )S_f > kgSCR (26)
d0
0.256
V =

§,max

Lyo (27)
(1"' D j \PKT
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_ fI,T o _ fl,f D, fl,s €0
G P S P )
c0 ) €1 c0 AN
where £ reflects the influence of non-uniform distribution of concrete expansion along the column
height, which is equal to 1 for the case of full confinement. k,™ is the ratio between the minimum

and the maximum concrete expansion, which was derived based on the approach adopted for

developing k™ (Eq. (7) as also shown in Fig. 3a) due to the similarity of concepts. In Eq. (24),

A, is the calibration term representing the influence of the additional axial strain for PC/PR,

&c

compared to FC/FR; v defines the maximum secant Poisson’s ratio, which was proposed by

S,max

Shayanfar et al. [35] having a unified character for both cases of full and partial FRP arrangements.

It is noted that in Eq. (28), total confinement pressure ( f,;) acting on the entire cross-section

imposed by FRP jacket (on the entire cross-section with D) and steel jacket (on the concrete core

with D, ) was derived based on the equilibrium of lateral forces in the entire cross-section with D

diameter.

To develop A, , by assuming &,; and ¢, ; as the concrete lateral expansion at the strip mid-plane

and at mid-height between two consecutive strips, the following expression was empirically
suggested as A, :Al(gl,j - & )A2 where A and A, are calibration factors. To minimize the
complexity of this expression, A,. was rearranged by considering &; /¢, ; =1-0.92s, /L, as
recommended by [15], resulting:

A= g 1-0.92- " oot | 29
gc_Ai(gl,j_gl,i) =A|¢&;—|1-0. I—-T ;| =Al0. T (29)

0 d,0
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A regression analysis was performed to achieve the best-fit values for A and A, based on 92 test

specimens of PC and PR conducted by Barros and Ferreira [11], Zeng et al. [3, 4, 51] and Guo et

al. [37]. Itis noteworthy that the experimental values of A and A, were derived by trial-and-error

procedure in such a way that full range lateral strain versus axial strain curves predicted by the
developed dilation model could virtually coincide with those of the experimental relations. Based
on a preliminary regression analysis, A and A, were determined equal to 0.085 and 0.65,
respectively. It was, however, verified that considering the influence of FRP confinement stiffness

and R; =s; /D on the evaluation of A, a better prediction of A . was obtained, therefore the

following equation was determined:

0.9
0.0048 (KLC]

= 30
exp(L.75R, )\ fe (30)
Hence, A_ was proposed as
K 0.9 S 0.65
E, -
Ao =Ale,; -4, )AZ =0.0045¢ " L—Lj (ﬁJ (31)
ch Ld,O

where A_ =0 for the cases of FC and FR. Fig. 6 demonstrates the predictive performance of Eq.
(31). It can be seen that the calibration factor of A has a good agreement with experimental

counterparts.

Fig. 7 compares the existing approach and that proposed in the present study in the establishment
of dilation response of PC based on experimental tests conducted by Zeng et al. [3]. For this
purpose, the model proposed by Teng et al. [19] (developed exclusively for the case of full

confinement) was selected as the representative of existing approaches, where the original concept

21



O©CO~NOOOTA~AWNPE

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

of confinement efficiency factor (K, , :[1—sf/2D]2, suggested by Mander et al. [13]) was

adopted to generalize this model for the case of partial confinement (presented in Appendix A). It
is noteworthy that the hoop strain in FRP strip in Teng et al. [19]’s model is equal to & ;
representing the assumption of uniform distribution of concrete expansion along the column height
(k,” =1). However, in the present study, FRP hoop strain is considered k, "¢, ; (or k"¢, in
the case of PR). As can be seen in Fig. 7, the initial dilation responses obtained from the developed
model and the generalized Teng et al. [19]’s model were almost identical. However, as shown in
Fig. 7a, beyond the transition zone, at a certain level of ¢_, the generalized Teng et al. [19]’s model
resulted in significant overestimates in the prediction of the corresponding FRP hoop strain,
compared to the experimental records, which were captured correctly by the developed dilation

model. Fig. 7b shows that the generalized Teng et al. [19] s model overestimates v and is not

s,max

able to accurately simulate v, versus &, while a suitable agreement is observed between the

responses registered experimentally and obtained with the developed dilation model. Furthermore,

the ¢, versus ¢, relations presented in Fig. 7c demonstrate that the developed dilation model is

capable of simulating more closely the & -&, response registered experimentally than the

generalized Teng et al. [19]’s model.

For further evaluation of the developed dilation model, Fig. 8 and Fig. 9 compare experimental
lateral strain versus axial strain curves of PC and PR with different confinement arrangements
reported by Barros and Ferreira [11], Zeng et al. [3, 51], Guo et al. [37] with those obtained from
the proposed model and the generalized Teng et al. [19]’s model. It can be seen, the generalized
Teng et al. [19]’s model predicts non-conservatively the experimental dilation responses of PC

and PR, which consequently overestimates the confinement pressure generated by FRP strips. The
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suitable predictive performance of the developed dilation model validates its reliability to simulate

experimental lateral strain versus axial strain curves, working for both PC and PR.

6- Axial Stress-strain Model of FR/PR

This section establishes the axial stress ( f,) versus axial strain (¢, ) relationship for FR/PR. Under

axial loading, the compressive load carried by the entire cross-section of FR/PR can be comprised
of three distinct parts: i) the load carried by concrete cover area subjected to only FRP confinement,
ii) the load carried by concrete core area under the combined confinement from steel transverse
reinforcements and FRP jacket, and iii) the load carried by steel longitudinal bars. Accordingly, at

a given axial strain (&, ), the corresponding average axial load (N ) can be expressed as:

N = F A + £ (A=A )+ TA, (32)
in which
fsI = Eslgc < fyl (33)

where £ and f° are the axial stress acting on the concrete core and cover areas,
respectively; A, is the total area of the concrete section; A, is the total area of the concrete core;
A,, is the total cross-section area of steel longitudinal bars; f, is the axial stress of steel

longitudinal bars corresponding to &,; E, and f, are the elasticity modulus and yield stress of

yl

f % and " for a range of

steel longitudinal bars, respectively. Accordingly, by calculating
&, not only can the axial stress-strain relations of the concrete core and cover areas be found, but

also the axial load ( N) versus axial strain relation of FR/PR can be calculated using Eq. (32).
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In this study, the well- known concept of ‘Active Confinement Approach’ was adopted to determine
the axial responses of . and f. " of FR/PR subjected to different confinement pressures.

The axial response of FRP confined concrete (passive confinement) is derived based on an axial
stress-strain base relation model originally developed for actively-confined concrete, by modifying
its failure surface function to make it applicable to passively-confined ones [14, 19, 35, 53-56]. By

following the axial stress-strain base relation model suggested by Popovics [32], at a given &,

f.“" carried by concrete core area under f,, and f, can be obtained as

Core
f Core __ f Core (Sc /gCC )nl
c - Tcc

(34)
n -1+ (gc g, )nl
in which
Core Core
fe 14 5{ L —1} (35)
Eeo fco
E 1
nl = Co?e Core = 0.25 (36)
R 1-0.27 "% (1- )
oaf fir+fis o
a, =115 fco ' f— <0.85 (37)
c0

where f_°" is the failure surface function as the peak axial stress of the axial stress-strain base
relation of the confined (by steel transverse reinforcement and FRP) concrete core; ¢, is the
axial strain corresponding to f_“* to be determined using Eqg. (35) recommended by Mander et

al. [13]; n, introduces the concrete brittleness term that can be calculated using the
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recommendation of Carreira and Chu [52] by Eq. (36) (with a slight rearrangement); E_ defines

the elasticity modulus of concrete.

Similarly, for the case of the concrete cover, the axial stress-strain base relation model can be

expressed by

Cover
f Cover __ f Cover (80/8C° )n2
c - Tcc

o (38)
n,—1+ (gc/gcccm’”)
in which
Cover Cover

ber =1+5{ fo —1} (39)

8c0 c0
n, = L (40)

2 1-0.271" (1-a,)
0.4

-0.1 fl f
a,=115f 7" | — | <0.85 (42)

c0

where f " is the failure surface function as the peak axial stress of the axial stress-strain base

Cover

relation of the confined (by FRP) concrete cover; £, is the axial strain corresponding to f_“"

; N, introduces the brittleness term of the concrete cover. According to Egs. (34-41), to calculate

the axial stress-strain relations of the concrete core and cover areas ( f,°" versus &, curve, and

Cover Cover
fC fCC

versus ¢, curve), f .~ and as failure surface functions are required to be

determined as input parameters.

It is now well-known that at the same level of confinement pressure, there is a remarkable
difference in the level of enhancements provided by passively- and actively-confinement systems
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in which the confinement pressure is varying and constant, respectively, during axial loading.
According to the studies conducted by Lai et al. [57, 58] and Ho et al. [59], the confinement path

effect (@) can be computed quantitatively as the difference of the peak strength obtained from the

failure surface functions of passively- and actively-confined concrete ( f. " and f_*"°,

respectively). Hence, @ can be calculated by @ = f " —f_"*"* where ® <0 reveals that

confinement-induced enhancements in a passively-confined concrete is less than those in an

actively-confined concrete system. Studies [14, 35, 56-59] evidenced that by using a failure surface

Active
fcc

function ( ) derived/calibrated based on actively-confined concrete columns, the

enhancements offered by a passive confinement system (as confinement path-dependent) are
overestimated, due to the significant difference of their confinement pressure paths (® <0). This
phenomenon has been evaluated comprehensively in Lai et al. [57, 58], Ho et al. [59] and

Shayanfar et al. [14, 35].

In the present study, the confinement stiffness-based failure surface function recommended by

Shayanfar et al. [14], calibrated based on a large test database of both FC and PC (passively-

confined concrete columns), was adopted. Accordingly, f_ " and f_ " can be calculated as:

Core f f R
fCC :1+&( R |,s} (42)
ch RZ ch
Cover f Ry
foe ™ _ 1+ R [Lj (43)
ch R2 ch

where R, and R, are the calibration terms. It should be noted that since the confinement pressure

generated by steel transverse reinforcements ( f, ;) remains constant beyond steel yielding, the
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application of a failure surface function developed exclusively for passively-confined concrete
might lead to underestimation in the calculation of the improvements induced by dual confinement
mechanism of steel transverse reinforcements and FRP jacket ([56]). However, in this study, in a
slight conservative manner, the effect of steel confinement on the determination of R, and R, was
ignored, which can be considered practically correct for the case of RC columns with largely
spaced steel transverse reinforcements due to its negligible effectiveness. Accordingly, by

following the Shayanfar et al. [14] recommendations, R, and R, can be calculated as (with a slight

modification):

24 0.67
R =K1 <425 (44)
fc/'Rf
R,=1.82p, **>0.3 (45)
in which
f K, w
P s = 1,160 Kk, fkﬁPR LeWiéeo (46)
' feoti,; ’ (Wf 3¢ ) feo
A, =0.75+0.008 ., (47)
Aee =1+0.15R *® (48)

where p, ; represents FRP confinement stiffness that considers the effect of non-homogenous
distribution of concrete expansibility through ki PR in addition to vertical arching action (k,)and
FRP volumetric ratio in a partial confinement system (the term of w, /(wf +5; )); A and A, are

the partial calibration factors representing the impact of f_, and R; on R;, respectively.
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It should be noted that a lag between the axial strain development and confining strain/stress
generation occurs with the increase of the concrete compressive strength ( f_,) due to the decrease
of its lateral deformation [57-59]. Consequently, more confinement-induced enhancements would
be achieved with the decrease of the concrete compressive strength class, which was reflected in
the development of the proposed failure surface function through the consideration of the
calibration term of A, asa reduction factor for R, . On the other hand, the dilation model developed
in the present study for PR differs from that used by Shayanfar et al. [14] applicable to PC.
Accordingly, since the dilation model has a significant influence on the confinement pressure and

is coupled to the axial stress-strain relation, in this study, A, (Eq. (48)) was recalibrated based on
regression analysis performed on the experimental axial stress-strain relations of 109 PC and PR
specimens to ensure its reliability. The experimental values of A, were derived by trial-and-error

procedure in such a way that full range axial stress-strain curves predicted by the developed

analysis-oriented model could virtually coincide with those of the experimental relations. Fig. 10

demonstrates the variation of A4, with R, =, /D . As can be seen, there is an upward trend of

A =® by increasing R,. Furthermore, Eq. (48) has a good agreement with experimental

counterparts.

As a result, by calculating R and R, by Egs. (44) and (45), f.** and f_ " can be determined

using Eqgs. (42) and (43), respectively. Then, based on Egs. (34) to (37) and Egs. (38) to (41), the

Cover
fC

fCCOI'e and

corresponding to ¢, are obtained, respectively. The incremental calculation

process for determining the axial stress-strain response of FR/PR based on the developed analysis-

oriented model is the following one:
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1) Calculate k™ with Eq. (7)

2) Calculate k, . with Eq. (16)

v f
3) Calculate k, ; with Eq. (18)
4) Assume a value of concrete lateral strain (¢, ;)
5) Calculate FRP confinement pressure ( f, ;) by Eq. (4)
6) Calculate steel confinement pressure ( f, ) by Eq. (6)
7) Calculate axial strain (&, ) by Eq. (24)
8) Calculate failure surface function of the concrete core ( ) by Eq. (42)
9) Calculate failure surface function of the concrete cover ( f_ ") by Eq. (43)
10) Calculate axial stress ( f.°) by Egs. (34) to (37)
11) Calculate axial stress ( f.°") by Eqs. (38) to (41)
12) Calculate the average axial load ( N ) by Eq. (32)
13) Continue the steps 4-12 up to ultimate axial strain
Accordingly, not only can N versus ¢, relation of FR/PR be found, but also f " versus ¢, and
f %" versus ¢, relations of the concrete core and cover areas can be calculated.
It should be noted that a more reliable model could be always conducted by regression analysis

through providing a comprehensive dataset having a broader range of the model variables.

According to the database used to develop/calibrate Egs. (42) and (43), concrete strength variable

(f,,) varies from 16 to 171 MPa with the mean and CoV values equal to 40 MPa and 0.53,

respectively; confinement stiffness of the external jacket ( oy ;) has a range 0f 0.002 to 0.262 with
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the mean and CoV values equal to 0.037 and 0.85, respectively; column’s diameter to total FRP’s

thickness ratio ( D/ nt; ) varies in the range of 40 to 1796 with mean and CoV values equal to 166

and 0.26, respectively; column aspect ratio (L/D) is in the range of 2 to 5 with mean and CoV

values equal to 2.09 and 0.2, respectively. Accordingly, the proposed model is limited to the

aforementioned range of the variables covered by the assembled database.

Studies [60-62] evidenced that slenderness effects have a detrimental influence on the load
carrying and deformability capacity of FRP confined concrete/RC columns, leading to an
underutilization of the FRP confinement potentialities and the necessity of considering the column
buckling. However, in the present stage of the research program, the applicability of the developed
model was only validated to the aforementioned interval of the relevant variables that govern the
response of fully/partially FRP confined concrete/RC columns, and do not cover the cases where
buckling is a design concern. Nevertheless, by developing the slenderness limit and its relative
reduction factors in terms of load carrying and deformability capacity, the methodology proposed
in the present work can be potentially extended to slender FRP confined RC columns, which will

be the focus of a future study.

7- Model Validation

This section presents the verification of the proposed model to predict the axial and dilation
responses of FR/PR under axial compressive loading. For this purpose, the results obtained from
the developed analysis-oriented model were compared with those measured experimentally by [5-
8, 11]. Furthermore, for the case of comparative assessment, the well-established model suggested
by Teng et al. [19], developed exclusively for fully FRP confined circular columns, was selected

and generalized for the case of partial confinement strategy based on the concept of confinement
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efficiency factor (Mander et al. 1988 as one of the most-cited approach). The generalized model

of Teng et al. [19] can be found in Appendix A.

Fig. 11 compares the axial force( N )/stress ( f, = N/A, )/versus axial strain (&) curves of FR and

PR obtained from the proposed model with those conducted experimentally by Barros and Ferreira
[11], Eid et al. [8], and Wang et al. [5]. As shown in Fig. 11a, the developed model is able to
predict accurately the global axial stress-strain curves of the FR specimens with the different

values of R.. In Fig. 11b-c, the developed model reveals efficient capability in simulating the

experimental responses of FR with different values of f;, and with/without concrete cover, even

though the initial axial behavior was underestimated slightly (in Fig. 11c, C2MP2N and C2N1P2N
specimens were constructed without concrete cover). The comparisons in Fig. 11d-e demonstrate
that the model is able to capture sufficiently the influence of FRP confining system on the axial
stress-strain curves of FR and PR, regardless an underestimation associated with FL3S2C32. In
Fig. 11f, a suitable performance of the developed model for the case of PR with the different values

of R, can be confirmed.

Fig. 12 and Fig. 13 compare the axial stress/force-strain curves of PR and FR obtained from the
proposed model and the generalized Teng et al. [19]’s model with those conducted experimentally
by Wang et al. [5], Kaeseberg et al. [6], Chastre and Silva [7], Eid et al. [8], and Barros and
Ferreira [11]. In general, the developed model is able to predict closely the full range of the
experimental counterparts. Furthermore, compared to the generalized Teng et al. [19]’s model, the
developed model reveals a better predictive performance in terms of axial behavior of PR and FR

with different types of confining arrangement.
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For the further examination of the developed model in terms of axial and dilation responses, the

axial stress versus volumetric strain (&,) curves of PC specimens reported by Barros and Ferreira

[11] were simulated by the proposed model and the generalized Teng et al. [19]’s model, as shown

in Fig. 14. Note that ¢, in this figure represents the concrete volumetric strain at the mid-plane of

FRP strips during axial compressive loading. As can be seen, the developed model is capable of
simulating closely the experimental volumetric variation. It is mainly attributable to the
consideration of the effect of non-homogenous distribution of concrete lateral expansion along the
height of PR in the developed model. By using Teng et al. [19]’s generalized model based on the
concept of confinement efficiency factor suggested by Mander et al. [13], exclusively devoted to
steel-confined RC columns, misleading predictions are obtained in terms of volumetric change

evolutions.

The comparative assessment demonstrated in Figs. 11-14 not only evidences the reliability of the
proposed analysis-oriented model for the prediction of axial and dilation behavior of FR and PR,
but also confirms the validity of the conducted assumptions in the consideration of the effects of
dual confinement mechanism of steel transverse reinforcements and FRP full/partial arrangement.
Furthermore, the proposed model has a unified character for the case of FRP confined concrete

(FC and PC) confirming its wide applicability.

Lastly, using the proposed model analysis on PR, Fig. 15 evaluates the dependence of FRP-steel

confinement-induced enhancements on the distance between steel hoops (s, ), the distance between
FRP strips (s;) and the concrete compressive strength ( f,,). In this parametric study, an RC

column with a diameter and height of 200 and 1000 mm was assumed. The data for the parameters

of FRP confinement configuration were n, =5, t, =0.167 mm, E, =249 GPa and w, =50 mm
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, While for the parameters of steel hoops were dj, =6 mm, f, =400 MPa, E =200 GPa.
Furthermore, for the case of the parameters of steel longitudinal reinforcements, the data were

dy, =10 mm, f, =400 MPa, E; =200 GPa . The concrete cover was considered 25 mm. Fig. 15a

reveals the effect of s, on the normalized concrete axial stress ( f,¢/f_,) versus &, relation of
PR with R, =s, /D=0.4 and f,=25MPa, where f° represents the area-weighted average

axial stress carried by concrete core and cover areas. As can be seen, while s, decreases from 150

mm to 50 mm, the volumetric change evolution tends to be reversed resulting in a higher axial
strength and smaller volumetric expansion. It highlights the influence of steel hoop confinement
in limiting the concrete tendency for an abrupt expansion. Similarly, as shown in Fig. 15b, for the

case of PR with s, =100 mm and f , =25 MPa, by decreasing R;, the response changes from

volumetric expansion to volumetric compaction, indicating a remarkable increase in FRP

effectiveness in restraining concrete lateral dilation. In Fig. 15c¢-d, shows the effects of steel hoop

and FRP spacingon f*° / f., versus ¢, relation of PR with a higher concrete compressive strength
(f,, =50 MPa). As can be seen, FRP-steel confinement induced enhancements in the case of
f., =50 MPa are not so pronounced compared to those in the case of f., =25 MPa (Fig. 15c-d),

mainly attributable to smaller lateral deformations and a longer lag between the axial strain

development and the confining strain/stress generation for higher strength concrete.

8- Summary and conclusions
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Appendix A

To determine axial stress versus axial strain curves of FRP fully confined RC columns (FR), Teng
et al. [19] proposed an analysis-oriented model based on active confinement approach. In the
present study, for the generalization of this model for the case of partial confinement arrangement
(PR), the original concept of confinement efficiency factor recommended by Mander et al. (1988)

was adopted.

Based on Teng et al. [19]’s model, at a certain level of concrete transverse expansion (s, ;)

representing FRP hoop strain, the corresponding confinement pressures imposed by FRP strips (

f, ;) and steel transverse reinforcements ( f, ;) can be calculated as:

For the case of FRP full/partial arrangement:

foook W g
Lt = v,fb(— £ €1, B-1
sf+wf)
in which
2
k . =1 > B-2
v.f — |t Al -
' 2D

where K, ; is the reduction factor reflecting the effect of vertical arching action between FRP
strips; n, is the number of FRP layers; t, is the thickness of a FRP layer; E, isthe FRP modulus
of elasticity; w; is the FRP width; s, is the distance between FRP strips; D is the diameter of

the circular cross-section.
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For the case of steel transverse reinforcement:

A
flo=2k,—Es) for ¢ ; <e,,
c~s
A
fie =2k, D = A, for ¢ ;> ¢,
in which
2
S
k,,=|1-— for steel hoop reinforcement
’ 2D,
S L
K,s = (1— 25 J for steel spiral reinforcement

B-3a

B-3b

B-4a

B-4b

where Kk, is the reduction factor reflecting the effect of vertical arching action between

reinforcements; D¢ is the diameter of the concrete core; A, is the cross-sectional area of a steel

spiral/hoop; s, is the distance between reinforcements ; E

S s

e, and f, are the elasticity

modulus, yield strain and stress of reinforcements, respectively. Subsequently, based on the

dilation model, the average axial strain along the column height (¢, ) corresponding to &, ; can be

calculated as:

0.7
8I,j 8|’J-
6 0856, F, {1+o.75[—ﬂ —exp{—?(—ﬂ
Eeo Eeo

in which

f
f

,S

flf
F =1+8—/—+«

c0 c0
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2kv,sEs&t
_ kv,f KLch Dc Wf f
Prs = or PR
2kv,sEs&t Wf +Sf

£,, =0.000937 f_°%

B-7

B-8

B-9

B-10

where p. is the ratio between the confinement stiffness of the FRP jacket and steel confining

systems; &, is the axial strain corresponding to f_,. Based on the active confinement approach,

the axial stress carried by concrete core area ( f,.°") corresponding to &, can be calculated as

Core
f Core __ f Core (gc /gcc )nl
c - Tcc

m
n -1+ (gc / gCCCOre)

in which

0.736

Core

f
© =1+3.5| = |+3.12 =
fo fo j foo [ 1402029, |

Core [ ¢ Core 1.2
fu 1439 Ju_ —1}

€0 c0

E

n = c
1 Core / Core
Ec - fcc Eec

E, =4730,/f,,

B-11

B-12

B-13

B-14

B-15

where f_°" is the failure surface function as the peak axial stress of the axial stress-strain base

Core

relation of the concrete core; ¢,
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concrete brittleness term; E_defines the elasticity modulus of concrete. Similarly, the axial stress

carried by concrete cover area ( f.°") corresponding to ¢, can be calculated as

Cover
f Cover __ f Cover (80/800 )n2
c — e

- B-16
n, _1+(€C /ECCCwer )”
in which
f Cover f
© 14 3.5£i] B-17
c0 c0
Cover f 1.2
fo - 1+17.5(L] B-18
800 c0
Ec
n2 = Cover B-19

Cover
Ec - fcc / ¢

cc

Cover
fCC

where is the failure surface function as the peak axial stress of the axial stress-strain base

Cover

relation of the concrete cover; £, is the axial strain corresponding to f_“"; n, introduces

the brittleness term of the concrete cover.

The incremental calculation process of the generalized Teng et al. [19]’s model for determining
the response of FR/PR in terms of f " versus ¢, and f.“" versus &, relations of the concrete

core and cover areas is as the following one:

1) Calculate k, ; with Eq. (B-4)

2) Calculate k, ; with Eq. (B-2)

v, f

3) Assume a value of concrete lateral strain (¢, ;)
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4) Calculate FRP confinement pressure ( f, ;) by Eq. (B-1)

5) Calculate steel confinement pressure ( f, ;) by Eq. (B-3)

6) Calculate axial strain (&, ) by Eq. (B-5)

7) Calculate failure surface function of the concrete core ( ") by Eq. (B-12)
8) Calculate failure surface function of the concrete cover ( f_ ") by Eq. (B-17)
9) Calculate axial stress ( f,"*) by Egs. (B-11) to (B-15)

10) Calculate axial stress ( f.°*") by Egs. (B-16) to (B-19)

11) Continue the steps 3-10 up to ultimate axial strain

By repeating the aforementioned calculation procedure for a range of &, ;, f."" versus &, and

f " versus ¢, relations of the concrete core and cover areas can be determined. It is noted that
that for large-sized RC specimens, Teng et al. [19] considered f_, to be 0.85f/, based on ACI

318’s recommendation [23].
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Fig. 1. a) Different confinement configurations; b) Development of axial stress-strain curve of FRP confined concrete

Note: FC: Fully FRP confined concrete column; PC: Partially FRP confined concrete column; FR: Fully FRP confined RC column; PR: Partially
FRP confined RC column
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Fig. 9. Analytical simulations versus experimental results of PR tested by Barros and Ferreira [11]
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Note: the experimental values were extracted from the experiments conducted by Barros and Ferreira [11],
Zeng et al. [3, 4, 51], Guo et al. [37]
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Fig. 11. Analytical simulations versus experimental results of FR/PR tested by [5, 8, 11]
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Fig. 12. Analytical simulations versus experimental results of PR tested by [11]
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Fig. 13. Analytical simulations versus experimental results of FR tested by [5-8]
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Fig. 15. Effects of steel hoop and FRP spacing, and concrete compressive strength on the

normalized concrete axial stress versus volumetric strain relation
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Table 1

Table 1. Summary of the compiled database.

ofN(ljJe:Tt]:s?el;s f., range (MPa) &, range L/D range D range (mm)
Min. 11.6 0.0012 1.0 54
604 Max. 204.0 0.0051 55 500
Mean 51.2 0.0025 2.2 1334
CoV 0.534 0.233 0.297 0.339
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Table 2

Table 2. Comparative performance of Eq. (2) with existing expressions

Model . ) Test Assessment indicators
ode xpression Data  Mean SD  MAPE
f D 0.25
Proposed model £ = 0.0011(%) 604 0.977 0180  0.138
0.1 0.13
Lim and Ozbakkaloglu [25] ¢, =0.001f 0% (%j (%j 604 0.988 0.186 0.143

Popovics [26] £, =0.000937 f_,°% 604 1009 0192  0.147
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