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RC FRAME STRUCTURES RETROFITTED BY FRP-WRAPPING: A 

MODEL FOR COLUMNS UNDER AXIAL LOADING AND CYCLIC 

BENDING 

Barbara Ferracuti1, Marco Savoia2, and Maria Zucconi3 

1,3Niccolò Cusano University, Roma, Italy 

2DICAM - Structural Engineering, University of Bologna, Bologna, Italy 

ABSTRACT 

In order to mitigate the seismic risk of existing RC frame structures not designed with 

seismic criteria, a widespread strengthening strategy is based on increasing strength and 

ductility of RC columns by means of Fiber Reinforced Polymer wrapping. The existing 

models for RC cross-sections wrapped by FRP sheets were developed principally 

considering pure axial loads with uniform confinement pressure. In seismic areas, RC 

columns are instead usually subjected to axial load and cyclic bending. In the present work, 

in order to consider the effective loading conditions, an iterative cyclic model for square RC 

cross-sections wrapped by composite FRP sheets subjected to axial force and cyclic bending 

is proposed. The model considers the strain gradient-effect over the cross-section due to the 

bending loads that change significantly the confinement level of RC cross-section. 

Moreover, the model has been validated by comparing the numerical outcomes with various 

cyclic experimental results. The model has been also implemented in an open-source 

software with distributed plasticity finite elements in order to perform pushover analyses of 

an existing RC frame structure with different retrofitting strategies to improve the ductility 

of the columns for lateral forces. 

KeyWords: FRP – wrapping; RC column; confinement; cyclic constitutive law; axial force 

and cyclic bending; distributed plasticity; pushover analysis. 
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1 INTRODUCTION 

The seismic vulnerability of Reinforced Concrete -RC- frame structures not designed 

with earthquake engineering criteria leads to high economic losses and a significant number 

of casualties, as observed in the aftermath of severe earthquakes [1–4] or in numerical Loss 

Analysis simulations [5–7]. In order to improve the seismic response of RC frames, an 

intervention able to increase the deformation capacity in the nonlinear range with a high 

value of energy dissipation is desirable. Such behavior can be obtained by means of FRP 

(Fiber Reinforced Polymer) wrapping. This kind of intervention was proposed more than 

30 years ago to increase the strength of RC columns subject to high axial loadings. Only 

later, FRP-wrapping has been considered a very effective strengthening technique for RC 

structures under seismic actions [8]. In fact, several experimental tests showed that 

strengthening by FRP - wrapping increases significantly the ductility of columns under 

cyclic bending moment due to the earthquake action [9–16]. The experimental studies on 

FRP-confined columns with square or rectangular cross-section presented in the literature 

are limited in number. Among them, Sheikh and Yau [9], early 2002, realized an extensive 

campaign on circular columns wrapped with FRP subjected to axial load and reversed cyclic 

lateral loads. Memon and Sheikh [11] performed cyclic tests on square RC columns 

retrofitted with glass FRP sheets. One interesting experimental campaign was conducted by 

Realfonzo and Napoli [13], i.e., full-scale tests performed on rectangular RC columns 

externally confined by FRP wrapping or FRP wraps and longitudinal steel profiles. The 

study was a part of a broader experimental campaign on square RC columns. Moreover, 

Ghatte et al. [14] tested five full-scale rectangular RC columns under constant axial load 

and cyclic lateral loads along their strong or weak planes before and after retrofitting with 

FRP wrapping.  

From the numerical point of view, several constitutive laws can be found in the literature 

for FRP-wrapped columns subject to pure axial compression. In particular, most of the 

models [17–19] consider a constant lateral pressure due to FRP wrapping independently to 

the loading level, according to models adopted for confinement by steel stirrups (design-

oriented models). Nevertheless, confinement action of FRP sheets acts differently. 

Considering RC circular cross-sections, the effect of FRP sheets is a passive confinement 

activated by transversal dilatation due to longitudinal deformation, which increases with 

concrete dilatation because of the elastic behavior of the composite. Consequently, the 
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confinement pressure of concrete wrapped by FRP is always variable depending on the 

concrete axial strain. 

The design-oriented models proposed in the literature consider the FRP confinement effect 

introducing the strong assumption of constant confinement pressure, depending on the 

ultimate strain in FRP - wrapping [20–23]. This simplified approach can predict well only 

the ultimate load for circular cross-sections under axial force because the whole section is 

subject to a uniform confinement pressure over the cross-section, whose maximum value 

can be defined as a function of a percentage of FRP ultimate strain.  

Advanced iterative models account for the interaction between the concrete and the 

confining material through explicit equilibrium and radial displacement compatibility 

considerations, see for instance Mirmiran and Shahawy [24], Spoelstra and Monti [25], Fam 

and Rizkalla [26], Binici [27], Teng et al. [28], and Lim and Ozbakkaloglu [29] for analysis-

oriented models, where the actual confinement stress due to the linear elastic behavior of 

FRP materials depends on the actual longitudinal stress level.  

More recently, in order to represent the effective loading condition of columns of buildings 

in seismic areas, the research was focused on the extension of confinement concrete models 

to the case of axial loading and bending. The available models can be divided into two main 

typologies as far as the evaluation of the confinement effect of FRP is concerned, the first 

group is based on constant confinement pressure (designed oriented models) [30–32] and 

the second group of models considers a variable confinement pressure (analysis oriented 

models) [33]. 

Lam and Teng’s model [20] for confined concrete, based on constant lateral pressure 

depending on FRP mechanical (strength, elastic modulus) and geometrical properties only, 

was adopted and extended to the case of eccentric loading considering a constant 

confinement pressure over the compression region of the cross-section by various 

researches [e.g. 14,31]. The assumption of confinement constant over the entire cross-

section and for all the axial loading levels can lead to quite inaccurate results, because the 

confinement strictly depends on the level of longitudinal deformation and the strain gradient 

over the cross-section makes confinement pressure variable. The confinement pressure 

exerted on the concrete is in fact not uniform over the cross-section, with longitudinal strain 

varying from zero at the neutral axis to a maximum value at the extreme fibers of concrete. 

Consequently, the stress-strain response of columns subjected to eccentric loads is very 

different from columns subjected to centered loads. Among the most recent works, Teng et 

al. [31] proposed a numerical model to simulate the behavior of circular RC columns with 
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FRP jacketing, subjected to axial compression and lateral cyclic loads. The proposed cyclic 

model for confined concrete in compression considers a constant confinement lateral stress 

as a function of FRP mechanical and geometrical properties, according to Lam and Teng 

model [20]. It is worth noting that the model adopts the same constitutive law for all the 

confined concrete fibers, independently of the gradient of the strain diagram over the RC 

cross-section and of the load level. Another recent model on FRP-jacketed RC circular 

columns was proposed by Ismail et al. [32]. The adopted confined concrete law is based on 

the design-oriented model proposed by Fahmy and Wu [19], considering both axial and 

bending loadings. In particular, the research was focused on the prediction of ultimate 

displacement, adopting different design-oriented models for confined concrete. It is worth 

noting that the prediction of deformation capacity of columns is an important parameter to 

assess the effectiveness of the strengthening technique. Ghatte et al. [14] adopted different 

design-oriented models [18,20,22,23] to perform a sectional analysis and to evaluate the 

ultimate displacements. The comparison with experimental results underlines that most of 

the models provide conservative values for deformation capacity. 

With reference to circular cross-sections, Binici and Mosalam [33] proposed to evaluate the 

effective confining stress distribution as a function of the maximum confinement pressure 

at the extreme compression fiber, by solving a differential equation based on a bond-slip 

model with the assumption of linear elastic behavior for both FRP and FRP - concrete bond-

slip relationship. This equation assures the equilibrium of an infinitesimal concrete – FRP 

sheet element subjected to variable tension in the FRP-fiber (circumferential) direction 

admitting slip between FRP and concrete.  

In the present paper, an iterative model for RC cross-sections with FRP – wrapping under 

axial compression and cyclic loading is proposed. Variability of confinement pressure over 

the cross-section is taken into account by determining the effective gradient strain profile 

over the concrete cross-section through an iterative procedure based on both equilibrium 

and compatibility equations. The actual confinement pressure over the depth of the cross-

section has been computed by applying the analysis oriented model, Spoelstra and Monti’s 

iterative model [25], considering the actual longitudinal strain profile due to compression 

and bending. Therefore, at each loading step, each fiber is characterized by a different 

concrete constitutive law, with confinement stress defined as a function of the specific 

longitudinal strain.  

In order to account for the shape effect for squared FRP-wrapped columns, the cross-section 

is subdivided into sub-regions corresponding to unconfined and confined concrete by FRP 
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wrapping. Moreover, with the aim of describing the cyclic response of RC columns, ad hoc 

unloading branches are defined and the pinching effect of moment-curvature diagram under 

cyclic loading is accurately reproduced. Then, the assessment of the reliability of the 

proposed model is performed by comparing numerical results with some literature 

experimental findings [9,11,34], for circular/square cross-sections unwrapped and wrapped 

by means of FRP jackets. 

Finally, the cyclic constitutive laws proposed in this study were implemented in OpenSees 

distributed plasticity finite elements in order to perform pushover analyses of a pre-code RC 

frame structure, characterized by a soft-floor mechanism, adopting different retrofitting 

strategies. Different proposals for the definition of the failure condition, i.e., the ultimate 

chord rotation criterion or the attainment of the ultimate strain for FRP confinement are 

adopted and the results are compared.  

2 FRP-WRAPPED RC COLUMN UNDER COMPRESSION AND BENDING: THE 

PROPOSED CYCLIC MODEL 

The proposed cyclic model for RC cross-section wrapped by FRP and subjected to axial 

loading and cyclic bending is based on a cross-section analysis accounting for the 

dependence of the lateral confinement stress on the longitudinal strain of concrete. The 

strain gradient-effect due to the bending loads is taken into account. For the cyclic behavior, 

the unloading curve from the compression state, the behavior of concrete under tension and, 

finally, the reloading curve from tension to compression are also accurately defined.  

An iterative technique is adopted at each loading step, the iterative procedure is 

performed for each fiber of confined concrete, taking into account the variable confinement 

pressure over the cross-section, depending on the nonuniform axial strain distribution in 

concrete. In this manner, a different confinement pressure exerted by FRP sheet, fl, is 

considered in each fiber as a function of the axial strain. The following assumptions are 

considered:  

a) plain profile of longitudinal strain over the column cross-section; 

b) perfect bonding between FRP-concrete. This hypothesis is valid for loading close to the 

column failure load; 

c) cross-section modeled by dividing it into two regions for confined and unconfined 

concrete, identified by parabola arches according to Mirmiran et al. [35]. Then, the 

concrete cross-section is divided into a number of fibers and the confined and 
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unconfined concrete area Ac and Ac0, are identified, indicated in red and blue 

respectively in the cross-section of Figure 1; 

d) in order to account for the effect of the strain gradient on the effective FRP lateral 

confinement acting with different intensity along the depth of the cross-section, the 

value of confinement pressure for each confined fiber is evaluated as a function of the 

axial strain through Spoelstra and Monti [25] iterative procedure. 

 

Figure 1 - Fiber model for FRP - wrapped cross-section: starting from a linear strain profile over 

the cross-section, different FRP-confined concrete laws are obtained for fibers subjected to different 

longitudinal strain values. 

The iterative procedure to evaluate the M-Φ curve for a given cross-section subjected to 

a constant value of the axial loading 𝑁𝑁� is summarized in Figure 2. For i-th value of the 

sectional curvature Φi, a trial position of neutral axis xk is set in order to define the strain 

profile. Its position will be verified at the end of the cycle by checking the equilibrium 

condition in longitudinal direction. Constitutive laws for unconfined concrete (Mander’s 

model [36]), for steel bars (Zulfiqar - Filippou model [37]) and concrete in tension 

(Yankelevsky and Reinhard [38]) are used to obtain the corresponding stress. The complex 

issue is the evaluation of the compression stress acting at each j-th fiber in the confined area, 

where the constitutive law is not a-priori defined because it changes with the passive 

confinement performed by FRP wrapping. The confinement will be larger away from the 

neutral axis and smaller near it. In the proposed model, in order to capture the variation of 

the lateral confinement stress fl,j along the depth of the cross-section due to the longitudinal 

strain gradient, the Spoeltra and Monti iterative model [25] defined for confined concrete 

under pure axial load is applied here at fiber level.  

Once the stress profile is assumed, the compression and tension resultants are easily 

computed and the axial resultant is evaluated by equilibrium condition in the axial direction. 

In general, starting from the initial trial value of the neutral axis, the equilibrium condition 

is searched iteratively. Once the equilibrium is reached, the corresponding moment M is 

evaluated, obtaining the point of the M-Φ curve. Repeating the procedure for increasing 
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values of the curvature Φi, the entire M-Φ curve for an RC rectangular cross-section under 

constant axial load 𝑁𝑁� can be obtained.  

The focus point of the procedure is the evaluation of the distribution of the confinement 

pressure along the depth of the cross-section. In the present model, each confined fiber is 

supposed to be part of a circular cross-section with a uniform strain distribution εc,ikj (i-th 

curvature, k-th trial position of the neutral axis, j-th fiber). For each fiber, then, the Spoeltra-

Monti procedure is applied setting a trial value of the lateral confinement stress and the 

iterative procedure is performed until the confinement stress matches the trial value (see 

Figure 3). The iterative procedure is applied for each j-th fiber: starting from its value of 

longitudinal strain εc,ijk, the corresponding lateral confinement is iteratively computed and 

the fiber stress σc,ijk is finally evaluated. It is important to highlight that each fiber has a 

different confinement level due to the different longitudinal strain. At each curvature step, 

the Spoeltra-Monti iterative procedure [25] is repeated n times for each k-th trial value of 

neutral axis position, where n is the number of fibers subject to compression.  

In the following, a brief description of the Spoeltra-Monti procedure is reported with its 

main equations. This procedure, based on Mander’s model [36], consider a variable 

confinement pressure as a function of the axial stress obtained through an iterative procedure 

summarized in Figure 3. In this model, given the longitudinal concrete strain 𝜀𝜀𝑐𝑐, the 

confinement pressure fl is searched iteratively, starting from a trial value 𝑓𝑓𝑙𝑙𝑙𝑙. Then, the lateral 

strain 𝜀𝜀𝑙𝑙 is obtained adopting the following expression proposed in Pantazopoulou and Mills 

[39], as a function of the current concrete axial strain and stress, εc and σc: 
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Moreover, fcc is the maximum confined concrete strength; εcc is the concrete strain 

corresponding to fcc; fco is the maximum unconfined concrete strength; εco is the concrete 

strain corresponding to è fco; Esec is the secant modulus corresponding to the point (εcc , fcc). 

 

Figure 2 Flowchart of the iterative procedure proposed for the axial-bending analysis of RC cross-

section wrapped by FRP. 

The maximum confined concrete strength fcc  is a function of the lateral confinement 

pressure fl  due to FRP wrapping, as defined in Mander’s model [36]: 
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The compatibility among axial and lateral strain is described by the equation of 

Pantazopoulou and Mills [39]: 

 
cc E ε⋅=σ sec                                                (5) 
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Then, for an FRP-wrapped cross-section, the confinement pressure fl can be evaluated 

through different equations as a function of the lateral strain lε  of external reinforcement 

and cross-section shape. For a circular cross-section, fl can be assessed with the following 

elastic relation: 

 lj
j

j
l E

d
t

f ε⋅⋅
⋅

=
2   (7) 

where t j, E j  are, respectively, the thickness and the elastic modulus of the composite, and 

dj is the cross-section diameter. The confinement pressure fl is then compared with the trial 

value, and the iteration goes on up to the condition of confinement pressure matching the 

tentative value. Employing the Spoelstra and Monti iterative model [25], for a given 

longitudinal strain εl, it is possible to calculate the longitudinal stress accounting for the 

effective confinement pressure. Moreover, once the lateral strain εl is evaluated with eq. (1), 

the FRP strain εj can be assessed and the FRP stress estimated as σj = Ej εj. For a circular 

cross-section, εj = εl. 

With reference to the hypotheses presented at the beginning of the present section, it can be 

stated that assumption c), related to the shape effect on the confined area, is correct where 

the axial strain in concrete is very high, i.e., far from the neutral axis, whereas some error 

can be introduced, in principle, close to the neutral axis. Nevertheless, close to the neutral 

axis the concrete is subject to a small strain and, therefore, the difference between confined 

and unconfined behavior is negligible. 

According to assumption d), the confinement pressure is variable over the cross-section, 

being maximum where compression in concrete is maximum and vanishing at the neutral 

axis. Of course, in the present model, strain in FRP sheet is then varying along the section 

contour, e.g., for a rectangular cross-section, it is varying along the two edges orthogonal to 

the neutral axis. Differently from Binici and Mosalam model [33], the slip in the FRP –
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concrete interface is neglected (assumption b). This simplification is motivated by the fact 

that FRP-concrete interface is very stiff in the linear range [40] and, in practice, no 

interfacial slip occurs up to the value of external loading close to column failure load. It is 

also worth remarking that the interfacial shear strength strongly increases when a 

compression stress state on the interface is present.  

The assumption that each confined fiber is supposed to be part of a circular cross-section 

with a uniform strain distribution εc,ikj can introduce some error if the strain gradient in the 

cross-section is very high (as in the case of high bending with low axial force), but in this 

case the confinement on the cross-section is less effective, then the error is limited. 

 
Figure 3 - Iterative procedure for confined concrete proposed by Spoelstra and Monti [25]. 
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2.1 Confined concrete: unloading curve from compression state 

According to Mander model [36], the value of residual plastic deformation εpl 

corresponding to complete unloading (σ = 0) from a compression state previously reached 

is defined first (see point C Figure 4). That value is obtained as the value for σ = 0 of the 

line joining the initial unloading point A(εun, σun) with point B(−εa, −Ec εa), being Ec the 

initial elastic modulus and ccuna a εε=ε , with  and 

εcc the strain corresponding to the maximum strength fcc, i.e.:  

 
)(

)(

acun

unaun
unpl E ε+σ

σε+ε
−ε=ε   (8) 

For the unloading curve from A(εun, σun) to C(εpl, 0), Mander proposed an expression 

analogous to that adopted for monotonic loading: 
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and initial unloading modulus is given by Eun = b c Ec, with ,1≥σ= coun fb  

( ) 15.0 ≤εε= unccc . It is worth remembering that Mander’s theory was originally calibrated 

for confinement with steel stirrups. Therefore, according to that theory, the unloading curve 

is defined by neglecting the confinement pressure, since yielding of steel stirrups has been 

previously reached during loading in compression.  

 

Figure 4 - Loading and unloading branches in compression for confined concrete. 

( )ccununcccca εεε+εε= 09.0,max
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Lam et al. [41] performed some experimental tests of FRP-confined concrete specimens 

under cyclic compression. In the results presented, the unloading branch has a different 

shape with respect to the case of non-retrofitted concrete. In fact, due to its linearly elastic 

behavior, FRP – wrapping exerts a confinement pressure also when concrete is subject to 

unloading. Hence, the unloading branch tends to be closer to a straight line than in the case 

of confinement by steel stirrups. Therefore, in the present model for low axial load, the 

unloading branch has been chosen according to Mander’s rule reported in Eq. (9) whereas, 

for high axial load, the unloading branch is assumed linear between the points A and C of 

Figure 4. As will be shown in Section 3.2, comparison with experimental results in terms of 

M-Φ curve underlines that, for high values of axial loading, linear unloading curve for 

confined concrete describes the experimental results better than adopting Mander’s 

unloading curve.  

2.2 Concrete under tension 

FRP-wrapping has no significant influence on the behavior of concrete under tension. 

The cyclic behavior of concrete under tension is then modeled starting from Yankelevsky 

and  Reinhardt model [38] (see Figure 5).  

Concrete behavior under tension is linear elastic before cracking, occurring when stress 

reaches the tensile strength 
3/2)'(27.0 coct ff = . The linear elastic branch is modeled through 

its elastic modulus )(sec plununE ε−εσ= . According to plasticity theory, for cyclic loading, 

the origin of the diagram takes the plastic deformation εpl previously accumulated into 

account (Figure 5). 

The softening branch is then defined by the exponential law: 

 𝜎𝜎𝑐𝑐(𝜀𝜀𝑐𝑐) = 𝑓𝑓𝑐𝑐𝑐𝑐 �1 − 𝜀𝜀𝑐𝑐−𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀𝑐𝑐𝑐𝑐

�
2

 (11) 

where εct is the strain corresponding to tensile strength f ct. For strains greater than εc= 0.04%, 

residual strength of concrete under traction vanishes (σc=0).  

 

2.3 Reloading curves from tension to compression 

Loading curves from tension to compression are modified with respect to Yankelevsky 

and Reinhardt model [38], even though the general framework is maintained. Reinhardt 

performed cyclic tests on concrete specimens of small dimensions (50x50x250 mm), 

applying the tensile loading first up to cracking, then unloading and finally reloading with 
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compression states. An analytical model was then proposed, with six focus points defining 

a piecewise linear stiffness of the reloading branch. Reinhardt model requires some 

modifications in order to be used for full-scale RC columns.  

In the present model, two focus points K1, K2 are defined along the line with stiffness Esec 

and origin in the point (εpl, 0), corresponding to stress levels k1 fct and k2 fct (see Figure 5). 

Moreover, k3 fct is the tension corresponding to the transition point between the two 

branches. 

 

Figure 5 -Tensile behavior of concrete and reloading from tension to compression, with three focus 

points K1, K2, K3. 

The values adopted for parameters k1, k2, k3 are different from those considered in 

Reinhardt model. In fact, that model was calibrated with reference to experimental results 

on concrete specimens of small dimensions and without steel reinforcement. Of course, the 

distance of transverse cracks in concrete has a fundamental role in converting axial 

elongation measured in experiments to axial deformation to be used in a constitutive model, 

and concrete cracking in RC columns is very different from that occurred in Reinhardt’s 

small concrete specimens. 

In order to calibrate the parameters k1, k2, k3, the cyclic experimental results on circular 

RC columns without retrofitting under constant axial load and bending moment performed 

by Abrams [34] were used. According to these calibration studies, the values k1 = 1, k2 = 4, 

k3 = 0.5 have been adopted in the present model. The comparisons of simulated results and 

experimental ones are reported in Section 3. 
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3 VALIDATION OF FRP - CONFINED CROSS SECTIONAL FIBER MODEL 

The proposed model has been validated through comparison with some experimental 

tests available in the literature concerning the cyclic behavior of RC columns subjected to 

constant axial loading and cyclic bending. In particular, the following experimental tests, 

whose details are shown in Table 1, have been numerically simulated in Matlab 

environment: 

• unwrapped RC rectangular column tested by Abrams [34], to confirm the model 

stability without introducing FRP confinement and to calibrate the reloading branch 

from tension to compression;  

• columns with circular cross-section wrapped by FRP jacket tested by Sheikh and 

Yau [9] where the confinement effect on the whole cross-sectional area is 

considered; 

• columns with square cross-section wrapped by FRP jacket tested by Memon and 

Sheikh [11], where the cross-section is modeled considering two regions delimitated 

by parabolas for confined and unconfined concrete, considering the arch effect.  

The geometrical dimensions of the cross-sections are the same of the specimens tested (see 

Table 1). The dimension of fibers adopted to discretize the cross-section is 2 mm, 

corresponding to a number of fibers equal to 152 and 178, depending on the dimension of 

the cross-section. The analysis was performed with curvature varying according to the 

cyclic test procedure and by setting the axial load as a constant value for the entire analysis. 

The axial load is considered applied in the center of mass of the cross-section. 

The main aim of the validation was to verify the reliability of the model to capture the 

principal parameter such as stiffness, strength, displacement, and hysteretic energy at 

different cycle amplitudes. It will be shown that in all cases the numerical model predicts 

well the experimental data in terms of both moment-curvature curves and energy dissipated 

by hysteretic loops.  

 

Table 1 - Details of test specimens (CFRP: carbon fiber reinforced polymer, GFRP: glass fiber 

reinforced polymer, ρg: geometric steel ratio of longitudinal bars, N: compression axial load, Nu: 

ultimate load under centered compression, fy: yield stress of steel bars, f’c0: compressive strength of 

unconfined concrete). 

 
Specimens Longitudinal 

reinforcement N/Nu f’c0 
[MPa] 

fy 
[MPa] 

FRP - No 
of layers 
and 
thickness Name Dimension 

[mm] Number and size ρg 

[%] 
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A
br

am
s 

 - 305 x 230 4    #6 
(φ = 19.05 mm) 

1.6 0.1 42.3 423 - 
Sh

ei
kh

 a
nd

 Y
au

 [9
] 

ST-2NT 
CFRP 

φ = 356 
h = 1437  

6    M25 
(φ = 25.2 mm) 3.0 0.54 40.4 450 1 layer 

1.25 mm 

ST-3NT 
GFRP 

φ = 356 
h = 1437  

6    M25 
(φ = 25.2 mm) 

 
3.0 0.56 40.4 450 1 layer 

1.00 mm 

ST-4NT 
CFRP 

φ = 356 
h = 1437  

6    M25 
(φ = 25.2 mm) 

 
3.0 0.27 44.8 450 1 layer 

0.5 mm 

ST-5NT 
GFRP 

φ = 356 
h = 1437  

6    M25 
(φ = 25.2 mm) 

 
3.0 0.27 40.4 450 1 layer 

1.25 mm 

M
em

on
 

an
d 

Sh
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ASG-3NSS 
GFRP 

305 x 305 
h = 1473  

8    M20 
(φ = 19.5 mm) 2.58 0.56 42.7 465 2 layers 

1.25 mm 

ASG-4NSS 
GFRP 

305 x 305 
h = 1473 

8    M20 
(φ = 19.5 mm) 2.58 0.56 43.3 465 4 layers 

1.25 mm 

ASG-6NSS 
GFRP 

305 x 305 
h = 1473 

8    M20 
(φ = 19.5 mm) 2.58 0.56 44.2 465 6 layers 

1.25 mm 

 

3.1 Simulation of Abrams [34] tests on unwrapped columns 

In order to calibrate the reloading branch from tension to compression for concrete, Abrams 

tests were used, leading to the calibration parameters k1, k2, k3 subsequently adopted in all 

the other simulations.  

In Figure 6, the experimental results by Abrams [34] and numerical simulations are 

compared in terms of moment-rotation curve. The rotation is obtained by multiplying the 

curvature by the length of displacement transducer (254 mm). The specimens were 

subjected to a constant axial loading of 300 kN, corresponding to about 10% of the ultimate 

axial loading Nu. The results are in good agreement in terms of both yielding moment (about 

110 kN m) and unloading and reloading branches for increasing values of maximum 

rotation. The cycle shapes in the second and fourth quadrant, i.e., where stress in concrete 

changes its sign from tension to compression and vice-versa, are very well reproduced. In 

particular, the reloading branches from tension to compression were used to calibrate the 

parameters k1 = 1, k2 = 4, k3 = 0.5. The so calibrated parameters k1, k2, k3 defining the 

reloading branches of the cyclic constitutive law of concrete were then used in all the 

following simulations. 
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Figure 6 - Moment – rotation diagram for unwrapped RC column cross-section under constant axial 

force and cyclic bending. Experimental results from [34] () and numerical results (- - -). 

3.2 Simulation of Sheikh and Yau [9] tests on circular columns 

The first comparison for the validation of the proposed model was carried out for circular 

columns tested under a constant axial loading and cyclic bending by Sheikh and Yau [9]. 

The diameter of the cross-section is 356 mm. The details of FRP reinforcements are 

summarized in Table 2, in terms of type of material (CFRP and GFRP), thickness, elastic 

modulus E, ultimate stress fju and ultimate strain εju. 

Table 2 – Sheikh and Yau [9] tests, details of FRP reinforcements. 

FRP Thickness 
(mm) 

E 
(MPa) 

fu 
(MPa) 

εu 
(%) 

CFRP 0.5 150000 1800 1.2 
CFRP 1 75000 900 1.2 
GFRP 1.25 20000 400 2 

 

The comparison with experimental tests by Sheikh and Yau [9] is shown in Figure 7a,c for 

low axial force (N/Nu=0.27, Nu being the ultimate load under centered compression) and 

Figure 7b,d for high axial force (N/Nu=0.54). For reloading of concrete from tension to 

compression, the same values of parameters k1, k2, k3 calibrated from Abrams test [34] were 

adopted here. 

Even though the experimental results exhibit an unsymmetrical behavior when moment 

changes its sign (no equal values of yielding moments for positive and negative bending), 

unloading and reloading branches are very well predicted. Modeling of these branches is 

fundamental in order to obtain a realistic value of the dissipated energy of hysteretic loops. 

The comparison clearly shows that the pinching effect is well predicted because the 

contribution of concrete in tension in the reloading branch is taken into account, as shown 
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in Figure 7, with a consequent optimal evaluation of the dissipated energy by hysteretic 

loops. In the numerical curves, the failure points are reported adopting as the failure criterion 

the achievement of the 60% of FRP ultimate strain as will be discussed in Section 4.   

  
a) b) 

  
c) d) 

Figure 7 - Moment – curvature diagrams for FRP – wrapped circular RC column cross-sections 

under constant axial force and cyclic bending: experimental results (—) from Sheikh and Yau [9]; 

numerical results adopting Mander’s unloading curve (- - -) and adopting linear unloading curve 

(—); Specimens a) ST-4NT, b) ST-2NT, c) ST-5NT, d) ST-3NT.  

Finally, in Figure 7b,d, where tests at high values of axial force are simulated, two different 

numerical curves are reported: dashed line refers to unloading according to Mander’s model, 

whereas solid line refers to the modified rule proposed in this study (elastic unloading, see 

Section 3.2.4). The comparison shows that unloading curves are very well reproduced for 

high axial force if elastic unloading is adopted. On the contrary, for low axial force, good 

agreement is found adopting Mander’s unloading curve. For this reason, only the curve 

obtained using Mander’s unloading branch is reported in Figure 7a,c and compared with 

experimental data. 

The final investigation concerns the hysteretic loops for cyclic bending with constant axial 

force. With reference to tests by Sheikh and Yau [9], the comparison between values of 

hysteretic damping factors ς at different levels of maximum curvature µc obtained by post-

CFRP 
N/Nu = 0.27 

GFRP 
N/Nu = 0.27 

 

CFRP 
N/Nu = 0.54 
 

GFRP 
N/Nu = 0.54 
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processing experimental data and from numerical simulations are depicted in Figure 6a,b 

(low axial load) and Figure 6c,d (high axial load). Both predictions adopting Mander’s and 

linear unloading curve (see Section 2.2) are reported. For low axial loads, the criterion 

adopted to define the unloading curve (Mander’s curve or elastic unloading) has a small 

influence on the damping factor. For high axial loads, the influence of the confinement is 

much more significant and elastic unloading gives a better prediction of damping factor. 

Finally, note that the damping factor is smaller when elastic unloading is adopted. Mander’s 

unloading curve then gives non-conservative results on dissipated energy by hysteresis 

loops for high values of axial force. 

Figure 8 - Specific damping ratio vs cycles at different levels of ductility: specimens a) ST-4NT, b) 

ST-5NT, (N/Nu = 0.27); c) ST-2NT, d) ST-3NT (N/Nu = 0.54). 

3.3 Simulation of Memon and Sheikh [11] tests on square columns 

Finally, the comparison with experimental tests by Memon & Sheikh [11] on the cyclic 

behavior of columns with square cross-section strengthened by glass (GFRP) composites 

are shown in Figure 9. The GFRP wrapping system has a thickness of 1.25 mm. The average 

properties of the composite materials are ultimate strength fu = 563 MPa, ultimate strain εu 

2.28 %, and the elastic modulus E = 24693 MPa. 

a)  b)  

c)  d)  
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a)  

b)  

c)  

Figure 9 - Moment – curvature diagrams for FRP – wrapped square RC column cross-sections 

under constant axial force and cyclic bending. Experimental results from Ref. [11] and numerical 

results with the proposed model: specimens a) ASG-4NSS (2 GFRP), b) ASG-3NSS (4 GFRP), c) 

ASG-6NSS (6 GFRP). 

GFRP 
2 Layers 

GFRP 
4 Layers 

GFRP 
6 Layers 
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In numerical simulations, the unloading branch is assumed linearly elastic due to the high 

value of axial force, and confined and unconfined areas of the concrete cross-section are 

defined according to [35]. First of all, the results clearly show the beneficial effect of 

wrapping. By comparing results for increasing numbers of layers of GFRP (Figure 9a,b,c), 

it can be verified that the curvature before the onset of column strength degradation 

increases significantly. Moreover, the comparison between experimental and numerical 

results shows that the proposed model is able to correctly predict yield moment and, in 

almost all cases, also the shape of hysteretic loops at different values of maximum curvature.  

4 PUSHOVER ANALYSES FOR RC FRAMES WITH COLUMNS WRAPPED BY FRP 

A push-over analysis for a non-ductile RC frame retrofitted by FRP-column wrapping was 

performed implementing the proposed iterative constitutive model in OpenSees [42] 

software, using a Finite Element with distributed plasticity. A new Uniaxial Material was 

implemented, named Concrete_conf.cpp, accounting for the entire iterative procedure with 

loading and reloading branches described in Section 2. The required parameters are 

unconfined concrete strength fco and relative strain εco, FRP ultimate strain εj,rup, FRP Young 

modulus Ej, and geometrical percentage of FRP over the cross-section ρj=4tj/D (circular 

cross-section) or ρj=4tj/B (rectangular cross-section, B being the smallest dimension of the 

cross-section). 

A portal frame and a 4-floor frame structure are considered. The static non-linear analysis 

was selected rather than the dynamic one in order to better understand the global behavior 

of the non-ductile RC frame and its structural deficiencies, and for estimating the 

effectiveness of different retrofitting strategies. However, the implemented model can be 

applied also to carry out non-linear dynamic analyses thanks to the implemented cyclic 

constitutive law. 

The pushover analysis was performed with force distributions proportional to the first modal 

shape by adopting a displacement-based procedure.  

The formulation based on flexibility matrix and forces is used for nonlinear finite elements 

for beams and columns. Five control sections are adopted to describe the nonlinear behavior 

of materials along the element by adopting a fiber discretization of the cross-section and 

enforcing plane strain assumption. The spread of plasticity along the element is directly 

taken into account by the fiber model. The use of finite elements with distributed plasticity 
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is particularly important in the case of FRP-confinement columns because the definition of 

the plastic hinge length in the case of FRP-wrapping is still an open issue. 

 

4.1 Structural failure criteria 

In order to estimate the capacity of the structure by means of the pushover analysis, the 

ultimate condition must be adequately defined. To this aim, two main approaches, based 

respectively on the definition of ultimate strain or ultimate chord rotation, can be followed.  

According to the first criterion, the ultimate condition is reached when, in some points of 

the structure, an ultimate value of strain is attained. In particular, for the unretrofitted 

structure, the ultimate condition corresponds to the attainment of the ultimate strain of 

concrete while, for the retrofitted structure, the attainment of 60 percent of the ultimate 

strain of FRP, corresponding to the rupture of FRP – wrapping according to Teng et al. [17], 

is considered. For an unretrofitted RC frame, this approach could be considered too local 

and too conservative, because the damaged element can be able to distribute/transfer the 

stress to other members, and a local failure criterion could not allow determining the 

ultimate condition at the building level. Contrarily, for FRP wrapped column the attainment 

of the ultimate strain (composite rupture) involves the failure of the reinforcement strategy, 

so it can be considered a realistic failure criterion for the structural element, and then for the 

entire structure. The adopted failure criterion is the attainment of the ultimate strain of FRP 

reduced by 40 percent (see Ref. [17]). 

With reference to the second criterion, the increment of rotational capacity for an FRP-

wrapped RC column with respect of the unwrapped one was shown by Biskinis and Fardis 

[43], that collected an extended database with more than 200 tests with the aim of calibrating 

a formulation for the ultimate chord rotation of FRP-wrapped RC columns starting from 

mechanical and geometrical cross-section parameters, including FRP ultimate strain.  

In the following numerical example, both the described criteria were adopted and compared 

for evaluating the structural ultimate capacity. In particular, for the first criterion, 

corresponding to the attainment of jacket deformation equal to 60 percent of its ultimate 

deformation [17], the FRP strain is here calculated and checked at each iteration according 

to equations 5-7. 
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4.2 Single bay frame 

As a first example, a single-bay single-floor frame is considered. The geometric 

characteristics and mechanical properties for steel reinforcement, unconfined concrete, and 

FRP–wrapping are given in Figure 10 and Table 3, respectively.  

The portal frame is subject to a distributed load q = 30 kN/m and to two vertical forces, N, 

applied to the columns to simulate the presence of upper floors. Four different values of N 

are considered, N = 0, 180 kN, 360 kN, 540 kN.  
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Figure 10 – Single-bay frame structure: geometry and cross-sections of beam and columns 

(unwrapped and FRP-wrapped case). 

Table 3 - Mechanical properties of materials considered for the single-bay frame. 

Steel bars fy = 414 MPa E0 = 210000 MPa b = 0.009 

Unconfined concrete f’c0= 30 MPa ε co = 0.0022 εcu = 0.0035 

FRP - wrapping t = 1 mm EFRP = 231000 MPa εj, rup = 0.0072 

 

In Figure 11, the results of pushover analysis are reported in terms of base shear – top 

displacement curves, considering both cases, i.e. columns unreinforced and reinforced by 

FRP – wrapping. No second-order effects are considered in the analyses. The ultimate 

displacements are shown, corresponding to different failure criteria: attainment of ultimate 

strain in a column or ultimate chord rotation for unwrapped and wrapped RC members. The 

ultimate chord rotation is computed according to Eurocode 8 [44] for unwrapped columns 

and by Biskinis and Fardis formulation [43] for wrapped columns. 

The presence of FRP –wrapping leads to significant benefits, strongly increasing the 

ductility of columns, with consequent larger displacements attained. In particular, in the 

unwrapped frame, when the ultimate strain εcu in column base sections is attained, a 

remarkable ductility reduction occurs, with increasing N, whereas concrete confinement by 
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wrapping allows reaching very large displacements. Moreover, it is possible to note that, 

for the unwrapped case, the two different failure criteria (ultimate strain or ultimate chord 

rotation) lead to similar estimates of the ultimate top displacement. On the contrary, the 

differences are significant for the reinforced case, where failure due to the attainment of 

ultimate strain always precedes the one based on the ultimate chord rotation estimated by 

Biskinis and Fardis [43]. Hence, the ultimate strain failure criterion corresponding to FRP 

rupture, after which the confinement action instantaneously drops to zero, is more 

conservative with respect to the ultimate chord rotation. For this reason, ultimate strain 

deformation is adopted as the failure criterion for the following example. 

 

 

Figure 11 - Pushover analysis of a single-bay frame subject to different values of axial load on 

columns. Unwrapped structure and structure with reinforced columns by FRP-wrapping. 

Comparison between ultimate displacements computed through different failure criteria. 

4.3 Pre-code RC Building 

In this section, a 4-floor RC frame structure showing a soft floor behavior is studied. 

Geometrical and mechanical properties are reported in  

Figure 12 and Table 4. It is worth noting that, between the second and the third floor, the 

columns present a reduction of the cross-section and of the amount of longitudinal steel, as 

frequently observed in pre-code buildings. The beams are subject to a distributed vertical 

load q = 20 kN/m. 

The frame structure performances in the pre-intervention condition highlight a soft story 

mechanism on the third floor due to the change in column stiffness and observed by 
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analyzing the interstory drift. In order to improve the building seismic response, two types 

of FRP reinforcement strategies are proposed: a global wrapping reinforcement to all 

columns with 2 FRP layers or, alternatively, two local wrapping reinforcements of columns 

of the third floor with a different number of FRP layers, respectively equal to 3 and 6 layers. 

 

Figure 12 - 4-floor frame structure: geometry and cross-sections of beam and columns (unwrapped 

and FRP-wrapped columns). 

Table 4 - Mechanical properties of materials adopted for the 4-floor frame. 

Steel bars fy = 414 MPa E0 = 414 MPa b = 0.009 

Unwrapped concrete f’c0 = 30 MPa εcu = 0.0022 ε cu = 0.0035 
FRP - wrapping t1= 0.165 mm/layer EFRP = 231000 MPa εj,rup = 0.0072 

 

The results of pushover analysis in terms of capacity curves are shown in Figure 13, 

considering the unwrapped structure and the three different strengthening strategies for the 

reinforced structure. It is possible to note that, with all strengthening methods, the stiffness 

of the structures is almost unmodified, but the displacement capacity of the structure is 

significantly increased, with the third solution (wrapping of the columns of the 3rd floor 

with 6 layers) being the best solution.  

The evolution of interstory drift and horizontal floor displacements at different values of top 

displacement up to the ultimate condition are reported in Figure 14 for two cases: the 

unwrapped structure (Figure 14a); the strengthened structure with a local reinforcement 

with 6 layers of FRP (Figure 14b). Figure 14a confirms that the failure of the unwrapped 

frame is due to a soft floor mechanism occurring at the third-floor level. By the local 
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strengthening reinforcement, the displacement capacity is significantly increased as shown 

in Figure 14b. 

In order to evaluate the different effects of the adopted strategies, the interstory drift and 

horizontal floor displacement at the ultimate condition for unwrapped structure, global 

reinforced with 2 layers, and local reinforced with 6 layers are compared in Figure 15. The 

local solution (wrapping of the columns of the 3rd floor with 6 layers) significantly increases 

the displacement capacity as can be seen in Figure 14 and Figure 15.  

 

Figure 13 - Pushover analysis on a 4-floor RC frame: unwrapped structure and retrofitted structure 

with FRP-column wrapping adopting 3 different strengthening strategies. 

  
a) b) 

Figure 14 - Pushover analysis of a 4-floor RC frame. Interstory drift and horizontal displacements 

at different total drift up to failure: a) unwrapped structure and b) retrofitted structure with 6 CFRP 

layers for columns of the 3rd floor.  



 26 

 

Figure 15 - Pushover analysis of a 4-floor RC frame. Interstory drift and horizontal displacements 

at the ultimate condition for unwrapped structure, global reinforcement with 2 layers, and local 

reinforcement with 6 CFRP layers at the 3rd floor.  

The final failure mechanism predicts the formation of plastic hinges with a top displacement 

of about 2.5 times greater than in the unwrapped case. Values of displacement at yielding 

and ultimate displacement for the unwrapped case and the strengthened frames are shown 

in Table 5. 

It is worth noting, as a final comment on the outputs of the case study, that being the soft 

story at the third floor, no significant second-order effects were expected. Of course, in the 

case of soft-story mechanism at a lower floor, a strengthening technique based on column 

ductility increase can lead to large displacements that can be unacceptable for a frame 

structure. Hence, in most cases, FRP-wrapping of columns must be associated with other 

strategies that limit the deformability of the structures.  

Table 5 - Unreinforced and FRP – wrapped RC frames; displacement at yielding δ1, ultimate 

displacement δu, structural ductility ratio δu /δ1 and total drift (top displacement divided by as the 

height of the structure H=12 m).  

 δ1(m) δu (m) δ u /δ 1 Total Drift  
Unreinforced frame 0.045 0.1195 2.66 1% H 
2 layers CFRP wrapping (global 
reinforced) 0.045 0.213 4.73 1.78% H 

3 layers CFRP wrapping  
(3rd floor only) 0.045 0.251 5.58 2.09% H 

6 layers CFRP wrapping  
(3rd floor only) 0.046 0.283 6.15 2.36% H 
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5 CONCLUSIONS 

The present work is focused on the behavior of RC columns wrapped by Fiber Reinforced 

Polymer sheets, subjected to axial force and cyclic bending. A cross-sectional model for 

rectangular cross-sections, implemented in Matlab environment, is developed. The main 

strengths of the present model are: i) the shape effect of the cross-section on confinement is 

accounted by the arch effect; ii) the confinement pressure is considered not constant during 

the loading steps guaranteeing the compatibility of longitudinal and transversal 

deformation; iii) at each step the confinement pressure is variable over the cross-section and 

consequently each concrete fiber has a specific constitutive law depending on the effective 

lateral pressure; iv) unloading and loading branches are properly defined in order to 

correctly predict the pinching effects and, consequently, the energy dissipation by 

hysteresis.  

The reliability of the proposed iterative cyclic cross-sectional model has been assessed by 

comparison with some experimental results reported in the literature, for different 

reinforcement types and values of the axial load. Results obtained from numerical 

simulations are in very good agreement with experimental test results of unwrapped and 

FRP wrapped RC columns, considering both circular and square cross-sections. 

Furthermore, the hysteretic damping coefficient has been evaluated as a function of 

maximum attained curvature and, also in this case, good agreement between experimental 

and numerical data is shown. 

Subsequently, the proposed model has been implemented in a finite element software with 

distributed plasticity, OpenSees package, for performing structural non-linear analysis of 

RC frames built without seismic requirements and retrofitted by FRP-column wrapping.  

A pushover analysis has been performed considering a portal frame and a 4-floor RC 

frame structure, for which capacity curves and interstory drifts are calculated. The failure 

mechanism of the unreinforced structures has been estimated, giving useful information to 

choose the most appropriate strategy of retrofitting. The 4-floor unreinforced RC frame 

exhibited a soft-floor mechanism, and wrapping of RC columns by FRP sheet has been 

chosen in order to increase ductility. Two types of reinforcement strategies have been 

examined: reinforcing columns of the soft floor only or wrapping all columns of the 

structure. The first choice, with 6 layers of carbon FRP, has been showed to be not only the 

less invasive but also the more effective in terms of structure ductility, about 2.5 times 

greater than for the unretrofitted structure.  
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The selected case study puts in evidence the importance to evaluate the non-linear 

behavior of existing structures reinforced with different interventions in order to select the 

most efficient for the specific case. With this purpose, the proposed model is able to capture 

the effectiveness of FRP-wrapping in terms of increment of strength and, mainly, of ductility 

and can be effectively implemented in FE models to perform nonlinear analyses of frame 

structures. 
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