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Abstract. Experimental research has confirmed that the usage of fiber reinforced
polymer (FRP) composite materials can be a reliable solution to substantially im-
prove axial and dilation behavior of confined concrete columns. In this regard,
FRP partial confinement system is a good compromise from the cost competi-
tiveness point of the view, while the application of discrete FRP strips provides
less confinement efficiency compared to full confinement system. Experimental
observations demonstrated that the concrete at the middle distance between the
FRP strips experiences more transversal expansion compared to concrete at the
strip regions. It can result in a considerable decrease in the confinement perfor-
mance in curtailing concrete transversal expansion, overwhelming the activation
of FRP confining pressure. The present study is dedicated to the development of
a new dilation model for both full and partial confinement systems, which takes
into account the substantial impact of non-uniform distribution of concrete trans-
versal expansion, a scientific topic not yet addressed comprehensibly in existing
formulations. For this purpose, a reduction factor was developed in the determi-
nation of the efficiency confinement parameter, by considering available experi-
mental results. Furthermore, based on a database of FRP fully/partially confined
concrete, a new analytical relation between secant Poisson’s ratio and axial strain
was proposed. To evaluate the reliability and predictive performance of the de-
veloped dilation model, it was applied on the simulation of experimental tests
available in the literature. The results revealed that the developed model is capa-
ble of predicting the experimental counterparts with acceptable accuracy in a de-
sign context.

Keywords: FRP confined circular concrete, Partial confinement, Dilation behav-
ior, Axial loading,

1 Introduction

It is well-known that the application of fiber reinforced polymer (FRP) composite ma-
terials to externally confined concrete columns can potentially lead to substantial en-
hancements in terms of strength, ductility, and energy dissipation, as confirmed by stud-
ies [1-10]. Steel hoops ensure a certain concrete confinement in reinforced concrete
columns. If not sufficient, concrete confinement can be enhanced by applying FRP



strips between the existing steel hoops, resulting in a good compromise in terms of
confinement efficiency and cost competitiveness [1-3]. However, the application of dis-
crete FRP strips might pose less confinement efficiency compared to FRP fully con-
fined concrete column (FCCC) as confirmed by [3, 7-10].

To predict the effectiveness of a FRP confining system for the improvement of con-
crete column responses, several theoretical models have been developed. These models
are function of the relationship between axial strain and concrete transversal expansion
(known as dilation behavior). Consequently, their predictive performances highly de-
pends on the reliability of this relation. Several analytical models have been proposed
to predict dilation behavior of FRP confined concrete. Mirmiran and Shahawy [5] pro-
posed a dilation model to predict the tangential Poisson’s ratio (the rate of change of
transversal strain with respect to axial strain) vs axial strain relation, depending on the
parameter of confinement stiffness (the ratio of confinement pressure over transversal
strain). Xiao and Wu [6] derived a relation between secant Poisson’s ratio (the ratio
between transversal strain and axial strain) and axial strain as a function of unconfined
concrete compressive strength and confinement stiffness. Teng et al. [11] and Lim and
Ozbakkaloglu [12] proposed transversal strain vs axial strain relations dependent on the
level of confinement pressure. In the case of FRP partially confined concrete column
(PCCC), Zeng et al. [9] adopted Teng et al. [11]’s dilation model by applying a reduc-
tion factor in confinement pressure due to the vertical arching action. It would be note-
worthy that the existing dilation models were formulated and calibrated based on FCCC
specimens, therefore their applicability in the case of partial confining system is argu-
able. Furthermore, in the case of PCCC, the concrete at the middle distance between
FRP strips, as a critical section, experiences more transversal expansion compared to
concrete at the strip regions as confirmed by [7-10]. To the best of the authors’
knowledge, the impact of non-uniform transversal expansion on the confinement pres-
sure has not been addressed comprehensibly in the existing formulations. Accordingly,
a generalized dilation model applicable for the both FCCC and PCCC, considering the
effect of non-uniform expansion, is still lacking.

In this study, by using the results from a database of test results of FCCC and PCCC,
a new dilation model with a design framework is developed that considers the FRP
confinement stiffness. To account for the effect of the non-uniform distribution of the
concrete expansion, a new formulation is also proposed based on the concept of con-
finement efficiency factor (CEF).

2 Concept of confinement efficiency factor (CEF)

2.1  Original concept and its limitation when applied to RC columns partially
confined with FRP

During axial loading, in a PCCC system, the vertical arching action between the strips
can lead to effectively and ineffectively confined concrete regions. Accordingly, the
axial stress applied on the confined concrete can be assumed to be carried through two
separate components: (1) load carried by ineffectively confined area; (2) load carried



by effectively confined area. With the determination of the axial stress vs axial strain
relationships of each area, the entire axial stress vs axial strain curve of PCCC can be
obtained. On the other hand, for the sake of simplicity, CEF is adopted to reduce con-
finement stress, f,, acting on the effectively confined area, so that the reduced confine-
ment pressure is applied on the whole cross-section. The employed reduction CFE fac-
tor is generally represented by “ K, ”. Accordingly, the whole cross-section is uniformly

subjected to an effective confinement stress f, , = K, x f,.

In the case of the confined concrete by transversal steel reinforcements (steel partial
system), Mander et al. [13] proposed an equation to calculate K, as A, / A, , where Ay

is the effectively confined core area at the critical section (the middle distance between
steel hoops) and A, is the whole cross-section area. Accordingly, assuming a second

order parabola curve with the vertical arching angle equal to 45°, K, was proposed as:

K, :%{1—%) W

where D is the diameter of the column’s circular cross section; s' is the clear distance
between two adjacent steel hoops. Even though this approach has been adopted for the
case of PCCC ([14-16]), a closer examination of the approach reveals that this model
only addresses the effect of the vertical arching action in the determination of K, . How-
ever, in partial confinement strategy, concrete transversal expansion at the critical sec-
tion would be more than the expansion at mid-plane of consecutive confining systems,
resulting in a reduction of confinement pressure [7-10]. Accordingly, in case of PCCC,
in addition to the vertical arching action, the impact of concrete transversal expansion
should be addressed in the determination of K, .

2.2 Concrete lateral expansion

In the present study, based on the experimental observations of PCCC [7-10], it was
assumed that during axial loading, concrete at the critical section experiences the max-
imum transversal expansion, ¢, ; , as shown in Fig. 1. However, at the mid-plane of the
FRP strips, concrete is subjected to lower dilatancy, represented by &, ;. If k. defines
the ratio of concrete expansion at the strip mid-plane and at the critical section, FRP
tensile strain &, , isequalto ¢ ; =K.& ; (assuming that radial and hoop circumferential

strains are identical). In the case of FCCC, due to a uniform distribution of concrete
expansion, k, isequal to 1, leading to &, = ¢ ;. Accordingly, the ratio of FRP con-

fining stress in PCCC and FCCC named by, f', and f,, respectively, is:
l _ Eigne &1

=2k, @

fe Eier &,



As a result, the reduction factor k_ addresses the impact of the non-uniform distribution
of concrete transversal expansion in the determination of FRP confining stress.
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Fig. 1. Dilation behavior in PCCC system

The maximum value of this factor (k___ ) is equal to 1 for FCCC. However, for

£,max

PCCC, by increasings; , k, decreases until the minimum value (k_ ;. ), resulting in

extensive damage around the critical section and marginal cracking at strip regions.
According to the test data reported by Wang et al. [8], fors, /D > 1,k, approaches

quickly to k, ;. . Assuming a linear relation betweenk_ands; /D :
k, =1-(1-k )Sf for0 <s, /D< 1 (3)
=1l—\1—K_ . ) or RS <
& £,min D f
To derivek it was assumed that concrete at the critical section is unconfined

£,min !
with ultimate secant Poisson’s ratioV, , . In addition, at strip zone, concrete behaves
with initial secant Poisson’s ratio of unconfined concrete, v, =V, , . Hence, based on the
dilation responses of a series of unconfined concrete specimens tested by Osorio et al.
[17], v,, andv,, were estimated approximately as 2.5 and 0.2, respectively, therefore

k can be calculated as:

£,min

: \Y
ka min = & = g‘: 20 = % = 008 (4)
' & EVsy 25

Fig. 2 compares the proposed relation between k,_ and s; / D, with the test results
[3, 8-10]. In this figure v’ *® is the ultimate secant Poisson’s ratio at the mid-plane
FRP strips, evaluated as the ratio of &, ,” recorded by strain gauge and corresponding
axial strain . It should be noted that the experimental values of k,** are determined



as v', 1 2.5 . As shown in this figure, the proposed k, seems to provide relatively
good agreement with the experimental test data.
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Fig. 2. Variation of k_ with s, / D obtained from Eq. (3) and the test results [3, 8-10]

2.3 Vertical arching action

Fig. 3 shows the non-uniform distribution of confinement pressure in a PCCC system.
In this study, the reduction factor k, was defined so that the concrete could be consid-

ered to be evenly subjected to a reduced confinement pressure f, =k, x f, ;.
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Fig. 3. Distribution of confinement pressure in PCCC

Here f,; isthe confinement pressure generated by FRP confining stress f ', at the strip

region. Since confinement pressure is a function of the confining stress [13], in case of
PCCC, the ratio between f; and f, can be expressed as:

f, £
—=— > f,=—xf, > f, =k _xf 5)
fi B ’



Therefore, the effective confinement pressure f, ; is obtained from:
fl,ef =Kk, fl,i = kvkg fi= K. fi (6)
in which

K. =kk (7)

e Vite

where K, defines the efficiency confinement factor as a function of k, and k,, based

on CEF as shown in Fig. 3. Hence, the determination of the reduction factor k, in Eq.

(7) is necessary, as an input parameter. For this purpose, considering the equilibrium of
confinement forces in a PCCC results in:

s¢/2
W 512 fwD+2 [ f,d,dx
kvf,i(sf+wf)D:2f|i—fD+2I fddx—k, = >
: i J

f; (sf +wf)D (®)

where w, is the FRP width; f, and d, are the functions of FRP lateral pressure and the

diameter of effective confinement area, respectively, derived from the geometry con-
straint as presented in Fig. 3. Then, solving the integration yields:

s, 13s,? sf]

W +8; | 1-——+ P R—
D 30D° 15D
K, = 9)
S¢ +W,

Hence, by introducing k, and k, obtained from Eqgs. (3) and (9), K, can be easily cal-

culated by Eq. (7). Based on the preliminary sensitivity analysis of the parameters in
K. . for further simplification, a simplified equation was developed as:

w S
K, =0.97+o.123f—1.255fs1 forsi/D<0.5 (10a)
Wf Sf
K, =0.75+0.12—-~0.79-->0.04 for0.5<s/D<1 (10b)
S
K, =0.04-0.02 [é-l] >0 fors;/D>1 (10c)

Fig. 4a shows the variation of K, withs; /D ina PCCC withw, /D = 0.3 accord-
ing to Eq. (7). It highlights the mandatory impact of k. in the confinement efficiency
factor K, . Moreover, the good agreement between the results obtained from Eq. (7) and
the simplified Eq. (10) confirms the reliability of the simplification. The comparison of



K, obtained from Eq. (1) developed by Mander et al. [13] and Eq. (10), represented in
Fig. 4b, also shows that the proposed model predicts lower values for K, than Eq. (1).
It can be attributed to the consideration of the impact ofk_, in addition to the vertical
arching action, in the determination of K.
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Fig. 4. Variation of K, with s; /D foraPCCC system with w, /D= 0.3
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2.4  Effective confinement pressure

In this section, the determination of effective confinement pressure f, . based on CEF
will be addressed. Once confinement efficiency factor is determined, f, . can be calcu-
lated using equilibrium of confinement forces as [3]:

1
fi s :EKepf Ei& (11)
in which
. = 4n.t w, (12)
" (w, +s,)D

where p, is the FRP reinforcement ratio; n, andt, are the number and thickness of FRP
layers, respectively. Considering ¢, ; =V, x &, , Eq. (11) results:
1

f|,ef =5

> K.o:E v,& (13)

f¥s“c

Accordingly, if ¢, is first specified, then by just addressing the corresponding v, , ef-
fective confinement pressure f, ., can be calculated from Eq. (13).



3 Determination of vs-g relation

In this section, a relation between v, , corresponding to &, ; , and the applied axial com-

pressive strain, ¢, , is determined. For this purpose, a large database consisting of 289

test specimens was set. Details of the test specimens can be found in [18]. To predict
dilation behavior of both FCCC and PCCC, based on the best curve fit of the test results,

the relation betweenv, / v, . and ¢ shown in Fig. 5 was derived, wherev, . is the
maximum Poisson’s ratio at the critical section corresponding to axial Strain g, .
Vs / Vs max &,m=0.0085-0.05pk >0.0055
'y C ¢;=0.75+3.85px <1.00
B : €2=0.85+1.54px <0.95
c: ‘ €3=0.65+3.08 pg <0.85
(S5 20—
ci €4=0.20+9.23 px <0.80
Cy i F
es>
Vs,0/ Vs max : €203
[, : i : > Ec
0 g0 2e0  &m 0.015 0.025 0.05

Fig. 5. Relation between v, / v, . and &, as a function of p,

In Fig. 5, ¢,,¢c,, c;andc, are non-dimensional empirical coefficients derived based on
the experimental results using a back analysis, and v, , is the initial Poisson’s ratio of
concrete, determined as suggested by Candappa et al. [19]. The parameter p, , adopted

to determine the previous parameters, represents the confinement stiffness index, as
suggested by Teng et al. [20] for FCCC. In this study, this non-dimensional parameter
index was extended for the case of PCCC by adopting the concept of confinement effi-
ciency factor, as:

fl,ef /gl,j 1 K P Eq

L ¥ Y R 14
P e 2 T -
£ =0.00154 [21] (15)
- 70000

where ¢, is the axial strain corresponding to f . As shown in Fig. 5, the expansion of
confined concrete is equal to unconfined concrete up to ¢, = ¢, (point A) with v, =v,, .
After which, since the development of concrete cracking induces an increase in v, , the
trend enhances fromv,, to ¢, xv, .., corresponding to &, = 2¢,,[13], and further up to



reach v, at ¢ =&, (point C), followed by a decrease until ultimate conditions. To

examine the reliability of the proposed relation, it was compared with the test results in
the different levels of p, , as presented in Fig. 6. There is a good agreement between

the experimental and analytical results, confirming the reliability of the proposed de-
sign-based relation in Fig. 5.

0.012 < pr < 0.015

N 0.04 < pr= 0045 0.065 < pr=0.15
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o4
! Test data o i o
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[T T N T ST S T YR 7] X1 BT T ST TR T 5 (ST N Y Y T Y 1]
£ £ £,

(3

Test data

Fig. 6. vs/vsmax Vs &, determined analytically and experimentally

To formulate the relation between v, and ¢, the determination ofv, ., as an input

parameter is necessary. For this purpose, the following equation was determined by best
curve fit of the experimental dilation results provided in the database [18] (Fig. 7):

0.155
Vi max = 16
M (1.23-0.003f, ) /oy (19

To assess its reliability for predicting v, .. , the results obtained from Eg. (16) are com-

pared in Fig. 7 to those extracted from the experimental tests. The values of the mean,
coefficient of variation, CoV, and mean absolute percentage error, MAPE, reported in

Fig. 7 evidences the good predictive performance of the proposed equation to estimate
the value of v, .. of both FCCC and PCCC.

6
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Fig. 7. Variation of the experimental v, . as a function of p,
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4 Verification

The reliability of the proposed confinement model in predicting dilation response of
fully/partially FRP confined circular concrete is assessed, by considering the experi-
mental results obtained by Zeng et al. [9] in FCCC and PCCC with different confine-
ment configurations. Complete details of the test specimens can be found in [9]. The
dilation response of the test specimens obtained experimentally and analytically from
the proposed model are compared in Fig. 8, where a good predictive performance is

demonstrated.
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5 Summary and conclusions

A new model with a design framework was developed to predict the dilation behavior
of FCCC and PCCC systems. For this purpose, a relation between the secant Poisson
ratio and the axial strain was proposed, dependent of the confinement stiffness. The
confinement stiffness factor proposed by Teng et al. [20] was modified based on the
concept of confinement efficiency factor it order to extend it to PCCC. In addition to
vertical arching action, the effect of the non-uniform distribution of the concrete expan-
sion was also considered in the determination of the efficiency confinement factor. To
validate the analytical model, it was vastly applied to predict the behavior of the rele-
vant experimental specimens available in the literature. The comparison between the
model and experimental counterparts revealed that it is capable of providing an estima-
tion of axial and dilation responses with reasonable precision in the design context.

Acknowledgments

The study reported in this paper is part of the project ‘“StreColesf_Innovative technique
using effectively composite materials for the strengthening of rectangular cross section
reinforced concrete columns exposed to seismic loadings and fire’’, with the reference
POCI-01-0145-FEDER-029485. The forth author also acknowledges the grant pro-
vided by PufProtec project with the reference POCI-01-0145-FEDER-028256.

References

1. Janwaen, W., Barros, J. A., Costa, I. G.: A new strengthening technique for increasing the
load carrying capacity of rectangular reinforced concrete columns subjected to axial com-
pressive loading. Composites Part B: Engineering 158, 67-81 (2019).

2. Perrone, M., Barros, J. A., Aprile, A.: CFRP-based strengthening technique to increase the
flexural and energy dissipation capacities of RC columns. J. Compos. Constr. 13(5), 372-
383 (2009).

3. Barros, J. A, Ferreira, D. R. Assessing the efficiency of CFRP discrete confinement systems
for concrete cylinders. J. Compos. Constr. 12(2), 134-148 (2008).

4. Shayanfar, J., Bengar, H. A.: A practical model for simulating nonlinear behaviour of FRP
strengthened RC beam-column joints. Steel and Composite Structures 27(1), 49-74 (2018).

5. Mirmiran, A., Shahawy, M.: Dilation characteristics of confined concrete. Mechanics of Co-
hesive-frictional Materials 2(3), 237-249 (1997).

6. Xiao, Y., Wu, H.: Compressive behavior of concrete confined by various types of FRP com-
posite jackets. Journal of Reinforced Plastics and Composites 22(13), 1187-1201 (2003).

7. Guo, Y.C., Gao, W.Y., Zeng, J. J., Duan, Z. J., Ni, X. Y., Peng, K. D.: Compressive behav-
ior of FRP ring-confined concrete in circular columns: Effects of specimen size and a new
design-oriented stress-strain model. Construction and Building Materials 201, 350-368
(2019).

8. Wang, W., Sheikh, M. N., Al-Baali, A. Q., Hadi, M. N.: Compressive behaviour of partially
FRP confined concrete: Experimental observations and assessment of the stress-strain mod-
els. Construction and Building Materials 192, 785-797 (2018).



12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Zeng, J. J., Guo, Y. C., Gao, W. Y., Chen, W. P., Li, L. J.: Stress-strain behavior of concrete
in circular concrete columns partially wrapped with FRP strips. Composite Structures 200,
810-828 (2018).

Zeng, J., Guo, Y., Li, L., Chen, W.: Behavior and three-dimensional finite element modeling
of circular concrete columns partially wrapped with FRP strips. Polymers 10(3), 253 (2018).
Teng, J., Huang, Y. L., Lam, L., Ye, L. P.: Theoretical model for fiber-reinforced polymer-
confined concrete. J. Compos. Constr. 11(2), 201-210 (2007).

Lim, J. C., Ozbakkaloglu, T.: Lateral strain-to-axial strain relationship of confined concrete.
Journal of Structural Engineering 141(5), 04014141 (2014).

Mander, J. B., Priestley, M. J., Park, R.: Theoretical stress-strain model for confined con-
crete. Journal of structural engineering 114(8), 1804-1826 (1988).

Fib Bulletin 14.: Externally bonded FRP reinforcement for RC structures. International Fed-
eration for Structural Concrete (2001).

ACI-318-08.: Building code requirements for structural concrete, in American Concrete In-
stitute. 2008, American Concrete Institute: Farmington Hills M1 (2008).

CNR-DT 200.: Guide for the design and construction of externally bonded FRP systems for
strengthening existing structures. Italian National Research Council (2004).

Osorio, E., Bairan, J. M., Mari, A. R.: Lateral behavior of concrete under uniaxial compres-
sive cyclic loading. Materials and Structures 46(5), 709-724 (2013).

Shayanfar, J., Rezazadeh M., Barros J. A., Ramezansefat H.: A new theoretical model to
predict axial and dilation responses of FRP fully/partially confined circular concrete. Re-
search Report, ISISE, Department of Civil Engineering, University of Minho, Portugal,
(2020).

Candappa, D. C., Sanjayan, J. G., Setunge, S.: Complete triaxial stress-strain curves of high-
strength concrete. Journal of Materials in Civil Engineering 13(3), 209-215 (2001).

Teng, J. G, Jiang, T., Lam, L., Luo, Y. Z.: Refinement of a design-oriented stress—strain
model for FRP-confined concrete. J. Compos. Constr. 13(4), 269-278 (2010).

Karthik, M. M., Mander, J. B.: Stress-block parameters for unconfined and confined con-
crete based on a unified stress-strain model. Journal of Structural Engineering 137(2), 270-
273 (2010).



