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Abstract 

Fiber-reinforced polymer (FRP) bars offer a promising alternative to conventional steel reinforcement in reinforced 
concrete (RC) structures, primarily due to their corrosion resistance. However, their intrinsic linear elastic behavior 
may limit their applications to non-seismic zones or regions with limited seismic activity. To extend their applications 
in seismic zones such as Seismic Design Category D, a novel approach involving a hybrid-RC (HRC) cross-section 
is proposed. This approach entails placing FRP bars on the cross-section exterior for corrosion resistance, while steel 
bars on the inner side of the cross-section to ensure ductility and energy dissipation. This paper presents a methodol-
ogy for designing HRC cross-sections and evaluates their ductility and energy dissipation capabilities. The discussion 
encompasses various design aspects of an HRC section including strength reduction factor, minimum reinforcement 
ratio, reinforcement strain, concrete shear strength, and the impact of confinement on ductility and energy dissipa-
tion. Additionally, an illustrative example of a HRC section demonstrates the practicality of the proposed design 
methodology in practical applications.

Keywords Hybrid reinforcement, FRP bars, Steel bars, Ductility, Energy dissipation

1 Introduction
The corrosion of steel reinforcement within concrete 
structures has emerged as a significant factor contribut-
ing to the degradation of the reinforced concrete (RC) 
built stock. This deterioration often leads to a reduction 
in the useful service life of the structures, accompanied 
by increased costs associated with repairs and strength-
ening. Fiber-reinforced polymer (FRP) bars have emerged 
as a promising alternative to traditional steel reinforce-
ment in concrete structures to mitigate the above chal-
lenges. However, their inherently brittle nature has 
limited their widespread adoption, particularly in seismic 

regions. The linear elastic behavior of FRP bars presents 
a challenge in defining their ductility index. Structures 
reinforced with glass-FRP (GFRP) exhibit brittle failure 
characteristics without the formation of plastic hinges, 
thereby offering minimal energy dissipation. The lack 
of energy dissipation has been a significant barrier to 
extending the use of GFRP in seismic zones. As per cur-
rent practice, the use of GFRP bars is restricted to seis-
mic zone with comparatively lower seismic activity (i.e., 
seismic design category (SDC) A) (ACI Committee440, 
2022).

The evaluation of ductility and its crucial role in struc-
tural design cannot be overstated. Ductility serves as 
a vital characteristic, allowing structures to withstand 
exceptional actions such as earthquakes by providing 
a reserve of deformation beyond the elastic phase. This 
ability to undergo controlled yielding and deformation 
enables structures to dissipate energy, mitigating the 
effects of dynamic loads and averting catastrophic fail-
ure. Understanding the constitutive behavior of materials 
under various loading conditions is essential for assessing 
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ductility. At the section level, ductility is often quantified 
through the moment–curvature diagram, representing 
the section’s capacity for further deformation beyond the 
elastic range.

GFRP-RC cross-sections offer considerable deformabil-
ity capacities; however, they do not provide energy dissi-
pation due to GFRP brittle nature. The concept of hybrid 
reinforcement, combining GFRP and steel bars, presents 
a novel approach to address challenges related to ductil-
ity and energy dissipation in GFRP-RC structures. Strate-
gically placing steel bars at a distance of 75 mm from the 
cross-section surface for protection against corrosion, 
and GFRP bars at a distance of 38 mm from the surface 
for fire protection will enable both durability and energy 
dissipation. Consequently, this study addresses concrete 
cross-sections designed incorporating hybrid reinforce-
ment to provide insights into their design methodology, 
ductility, and energy dissipation capabilities.

2  Assumptions and Methodology
2.1  Effect of Stirrup’s Confinement on Concrete 

Compressive Strength
Research has indicated that the presence of trans-
verse reinforcement (i.e., stirrups, ties and spirals) in 
concrete enhances its compressive strength. This aug-
mentation in strength brings a significant improve-
ment in ductility and energy dissipation. Notably, 
Euro and Italian codes incorporate provisions to dif-
ferentiate between unconfined and confined concrete 
cross-sections, focusing on confinement provided by 
steel stirrups (Comité Européem de Normalisation, 
2004; NTC, 2018, 2018). However, these codes do not 
directly account for the confinement effects stem-
ming from GFRP transverse reinforcement. Well-con-
fined GFRP-RC columns have shown an increase in 
strength and drift capacities (Prajapati et  al., 2023). It 
is also reported that GFRP-RC columns achieved drift 
ratios of about 4-5% meeting seismic drift limitation of 
most building codes (Deng et al., 2018). GFRP-RC col-
umns with stable post-peak response and high levels of 
deformability can be used to achieve desired levels of 
ductility (Tavassoli et al., 2015). An experimental study 
was conducted to investigate the confinement effect on 
the concrete compressive strength provided by three 
types of stirrups: steel, GFRP bar, and GFRP plate stir-
rups (Chen et al., 2018). Due to the shape of GFRP plate 
stirrups, these specimens achieved maximum strain at 
failure. The specimens with GFRP bar stirrups failed 
by the opening of stirrup legs; however, showed similar 
strain at failure as steel-RC. Hence, it can be inferred 
that GFRP stirrups provide similar confinement as that 
of steel stirrups. This assumption may be at first coun-
terintuitive because GFRP stirrups have lower strength 

at the bends. This fact is addressed by specifications 
defining the strength of the bend as 60% of the strength 
of the straight bar (ACI Committee440, 2022; ASTM 
D7957/D7957M-22, 2022). Even with this reduction, 
GFRP stirrups offer comparable confinement as that of 
steel stirrups.

2.2  Minimum Reinforcement Area and Strength Reduction 
Factor

In the design of RC structures, a minimum amount of 
reinforcement is specified by design codes. The provi-
sion of minimum reinforcement area is to prevent fail-
ure of RC members upon the onset of concrete cracking 
and is defined as ΦMn ≥ 2Mcr for designing tension-con-
trolled sections. Where, Φ, is strength reduction factor, 
Mn, is nominal moment capacity and Mcr, is the cracking 
moment. The requirements of minimum reinforcement 
in ACI 318-19 are based on this concept. These require-
ments for steel-RC were developed as follows.

The cracking moment of concrete cross-section can be 
calculated using the properties of concrete and cross-sec-
tion dimensions as follows:

fr is the modulus of rupture of concrete given in ACI 
440.11 and ACI 318-19 in section  19.2.3.1 as provided 
below in Eq. (2):

whereas yt is the distance from center of gravity of the 
cross-section to extreme compression or tension fiber. 
For an uncracked section, it is reasonable to take it equal 
to h/2, where h is the total depth of the section. The 
capacity of the cross-section may be calculated by mul-
tiplying tension or compression force with the moment 
arm as provided below:

where Mn, is the nominal capacity of the cross-section, 
As, is the area of tension reinforcement, d, is the effec-
tive depth (distance from extreme compression fiber to 
the center of the tensile reinforcement),  fy is the yield 
strength of steel and a is the depth of compression block. 
The depth of compression block will depend upon neu-
tral axis depth.

Equating Eqs. (1) and (3) and multiplying right side 
by a factor 2 will provide a relationship for minimum 
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reinforcement area required to have an ultimate capacity 
two times greater than the cracking moment:

Assuming the moment arm is approximately equal to 
0.9d, yt equal to h/2, a rectangular cross-section with a 
moment of inertia equal to bh3/12 and further simplifi-
cation would result in a relation for minimum reinforce-
ment to have a capacity twice the cracking moment of 
cross-section:

Finally, conservatively rounding off the digits would 
result in the following relationship for minimum rein-
forcement area provided in Eq. (4):

The relationship provided in Eq. (4), is the minimum 
reinforcement for a steel-RC cross-section. ACI Com-
mittee 440 extended the above equations for GFRP-RC 
members, where modifications resulted from different 
strength reduction factors. Because FRP members do not 
exhibit ductile behavior, a conservative strength reduc-
tion factor was adopted to provide a higher reserve of 
strength in the members. The Japanese recommenda-
tions for design of flexural members using FRP suggests 
a strength reduction factor equal to 0.77 (Japan Soci-
ety of Civil Engineers, 1997). Other researchers suggest 
a value equal to 0.75 based on probabilistic concepts 
(Benmokrane & Masmoudi, 1995). Based on ACI 318, 
the Φ for design of a compression-controlled section for 
steel-RC is 0.65, with a target reliability index between 
3.4 and 4.0. A reliability analysis on FRP-reinforced 
beams in flexure using Load combination 2 from ACI 
318 for live-to-dead load ratios between 1 and 3 indicated 
reliability indexes between 3.5 and 4.0 when Φ was set to 
0.65 for a compression-controlled section, and 0.55 for a 
tension-controlled section. Therefore, strength reduction 
factor equals to 0.65 and 0.55 for compression and ten-
sion-controlled FRP sections were, respectively, adopted 
in ACI 440.11 code (ACI 440.1R-15, 2015; ACI Commit-
tee440, 2022).

Utilizing difference in strength reduction factors 
between steel and GFRP, a minimum reinforcement area 
for GFRP-RC was proposed. The minimum reinforce-
ment area for GFRP-reinforced members is obtained 
by multiplying the existing ACI 318 equation (i.e., Eq. 
(4) for steel-RC by 1.64 (i.e., 1.64 = 0.9/0.55). Note: for 
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compression-controlled section minimum reinforcement 
requirement would be automatically satisfied. The mini-
mum reinforcement requirements for a GFRP-RC are 
provided in ACI 440.11 as given below:

where  ffu is the design tensile strength of GFRP longitudi-
nal reinforcement.

The novel concept of hybrid-RC sections, however, 
offers both ductility and energy dissipation as required 
for a targeted seismic zone. Therefore, the strength 
reduction factor equals to 0.9 as in the case of steel-RC 
for tension-controlled section would be more reasonable. 
If a strength reduction factor equals to 0.9 instead of 0.55 
is adopted, the minimum reinforcement area provided in 
Eq. (4) will govern. Therefore, for hybrid-RC cross-sec-
tions it is assumed that the minimum reinforcement area 
as provided in ACI 318-19 governs.

2.3  Strain Limit for Steel Reinforcement
Balanced reinforcement ratio provides a boundary 
between tension and compression-controlled sections. 
The strength reduction factors are then accordingly 
selected in the design of RC members. Considering fail-
ure of a hybrid-RC section at yielding of steel reinforce-
ment, it is assumed that balanced reinforcement ratio 
resulting from force equilibrium in a steel-RC section 
would remain a reasonable assumption. The equation for 
calculating balanced reinforcement ratio used for steel-
RC section is provided below:

where β1 is factor relating depth of equivalent rectangular 
compressive stress block to depth of neutral axis, εcu is 
ultimate concrete deformation at extreme concrete com-
pression fiber and εy the deformation of the steel at yield 
strength.

At failure, strain in steel reinforcement for a hybrid-RC 
section should be equal to or greater than 0.005. A strain 
value of 0.005 or greater in steel bars not only ensures the 
tension-controlled section but guarantees ductility and 
energy dissipation as well. Equally important, in order 
to avoid brittle failure, strain at failure in the GFRP rein-
forcement on tension face of the hybrid-RC section must 
always be lower than its ultimate value.

2.4  Shear Strength Contribution of Concrete and Stirrups
In the design of a hybrid-RC section, it was assumed 
that flexural capacity is provided by the combination of 
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GFRP, and steel reinforcement provided in different lay-
ers. However, the contribution of steel stirrups to shear 
in hybrid-RC section is still to be known. The steel stir-
rups lie in the core of the cross-section, hence traditional 
truss model for shear may not be applicable. In reality the 
shear strength in a hybrid-RC section should be combi-
nation of strength provided by concrete, GFRP shear stir-
rups, and steel stirrups. However, depending on size of 
cross-section and location of steel stirrups, the contribu-
tion of steel stirrups would change. The contribution of 
steel stirrups may be added to calculate shear strength 
as evidence of its magnitude becomes available in the 
future. Therefore, it is reasonably conservative to assume 
that only GFRP stirrups contribute to the shear strength 
of hybrid-RC section.

The total shear strength would then be combination of 
strength provided by concrete cross-section and GFRP 
stirrups as shown below:

where Vn = nominal shear strength, kN; Vc = nominal 
shear strength provided by the concrete, kN; and Vf = 
nominal shear strength provided by GFRP shear rein-
forcement, kN.

It has been established that the shear capacity of mem-
bers reinforced with GFRP bars would be different than 
those reinforced with steel reinforcement due to the dif-
ferent physio-mechanical properties of the two materi-
als (Tureyen et al., 2003). ACI-ASCE Committee 445 has 
recognized that a cross-section’s shear capacity depends 
on the longitudinal reinforcement’s axial stiffness (Joint 
ACI-ASCE Committee445, 1998). Owing to the lower 
axial stiffness of GFRP bars (i.e., about one quarter), the 
flexural cracks will penetrate deeper into the GFRP-RC 
cross-section, and wider cracks would form, compared 
to steel-RC sections, even when more longitudinal rein-
forcement area is used. The formation of deeper flexural 
cracks decreases the depth of the uncracked concrete 
compression zone; thereby, the contribution of the cross-
section to shear strength is reduced. Other than shear 
transmitted across the concrete compression zone, the 
shear capacity in steel-RC members is affected by aggre-
gate interlock and dowel action. Given the wider crack 
widths, the aggregate interlock is less in the GFRP-RC 
cracked cross-section. Also, the dowel action in RC 
members is a function of the shear modulus of longitu-
dinal reinforcing bars, controlled by resin in GFRP rein-
forcement. The smaller value of the shear modulus of 
GFRP bars limits their contribution to the dowel action. 
Based on this concept, Tureyen et al. (2003) developed a 
physical model for calculating the concrete contribution 
to the shear strength of GFRP-RC beams (Tureyen et al., 
2003). The model considered a cracked section rather 

(7)Vn = Vc + Vf ,

than a section between two cracks, as in the case of ACI 
318-19 shear equations. The bond between two cracks 
in steel-RC allows a change in reinforcement stress dis-
tribution, leading to horizontal and vertical shear stress 
development above the flexural reinforcement. However, 
reinforcement stress does not change across the crack, 
eliminating the horizontal and vertical shear stresses 
in the web below the neutral axis. Therefore, concrete 
contribution below the neutral axis was neglected. The 
model proposed by Tureyen and Frosh for one-way shear 
strength is provided below as Eq. (8):

where b = member width, mm; c = kcr x d = cracked 
transformed section neutral axis depth, mm.

The axial stiffness of GFRP-reinforcement was consid-
ered through the ratio of the elastic cracked transformed 
neutral axis depth to the effective depth of the section, 
kcr, which is a function of reinforcement ratio, ρ, and 
modular ratio, n. For a singly reinforced, rectangular 
cross-section without axial tension or compression, kcr, 
may be determined using Eq. (9). However, its value may 
be determined based on strain compatibility and force 
equilibrium for non-rectangular cross-sections:

The reinforcement ratio, ρ, is calculated by dividing the 
longitudinal reinforcement area by the cross-section 
width and effective depth (i.e., Af/bd). Meanwhile, the 
modular ratio, nf, is achieved by dividing the elastic mod-
ulus of GFRP reinforcement by that of concrete (i.e., Ef/
Ec).

Realizing the fact that the model suggested by Tureyen 
and Frosh would penalize lightly reinforced sections, a 
lower bound was proposed on the value of factor “kcr” 
equal to 0.16 by Nanni et al. 2013 (Antonio et al., 2014). 
Both the equations proposed by Tureyen and Frosh, and 
Nanni et al. became part of ACI 440.11 Code as given in 
section 22.5.5.1 and provided below as Eqs (10) and (11):

where �s is size effect factor and its value be taken as pro-
vided in in ACI 440.11, Sect. 22.5.1.1 and provided below:

(8)Vc = 0.42

√

f ′cbc,

(9)kcr,rect =

√

2ρf nf + (ρf nf )
2
− ρf nf .

(10)Vc = 0.42�skcr

√

f ′cbd,

(11)Vc = 0.066�s

√
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.
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Differently for GFRP-RC a hybrid-RC section has steel 
reinforcement in tension zone. The presence of steel bars 
changes the behavior of cracked RC section. A hybrid-
section would offer more resistance to penetration of 
cracks due to higher stiffness of steel bars. The presence 
of steel bars will also limit the crack widths to smaller val-
ues compared to a GFRP-RC only section. Accordingly, 
aggregate interlock and dowel action may not be compro-
mised. It is reasonable to assume that a similar amount 
of uncracked concrete would be available for a hybrid 
section as that of steel-RC. Therefore, it is a rational 
approach to estimate the shear strength provided by con-
crete in a hybrid-RC section using same model as that 
used for steel-RC. Consequently, it is proposed to calcu-
late shear strength provided by concrete cross-section 
as per provisions of ACI 318-19 for steel-RC members. 
In the absence of axial force, shear strength provided 
by concrete can be calculated as per ACI 318-19, sec-
tion  22.5.5.1a provided in Eq. (13). The contribution of 
FRP stirrups to shear strength should be calculated as per 
provision of ACI 440.11 Code (Table 1):

2.5  Ductility Capacity
The ductility capacity of the cross-section considered 
in the present study was evaluated using the formula-
tions outlined in the Italian Code (NTC, 2018, 2018). The 
use of this Code for the determination of capacity and 
demand in terms of ductility derives from the need to 
evaluate a local ductility and then move in future devel-
opments to global ductility assessments.

While Eurocode 8 (EC8) (Comité Européem de Nor-
malisation, 2004), and the NTC 2018 (2018) provide 
specific formulations for the evaluation of ductility in 

(13)Vc = 0.17�s

√

f ′cbd.

curvature, it is worth noting that neither the ASCE 
standards nor the ACI codes offer similar formulations. 
Instead, ASCE standards, particularly ASCE 41-17, “Seis-
mic Evaluation and Retrofit of Existing Buildings”, and 
ACI codes such as ACI 318, “Building Code Require-
ments for Structural Concrete” provide detailed pro-
cedures for assessing the seismic capacity of structures, 
which may involve analyzing structural ductility (ACI 
Committee318-19, 2019; ASCE (41-17), 2017;). However, 
they do not provide specific formulations for evaluat-
ing ductility in curvature as found in European or Italian 
codes. Therefore, for the assessment of ductility in cur-
vature in structures designed according to ASCE stand-
ards or ACI codes, it may be necessary to refer to specific 
resources within the technical literature or European 
and Italian standards for guidance. Therefore, it is pro-
posed that to evaluate ductility and energy dissipation, 
Eurocode and Italian Codes may be referred until specific 
guidelines become available in North American Codes. 
Accordingly, in this study, above-mentioned Codes were 
referred for analysis of ductility and energy dissipation of 
a hybrid-RC cross-section.

The assessment of concrete confinement’s significance in 
evaluating ductility is crucial for a comprehensive under-
standing of structural behavior, particularly in seismic envi-
ronments. An experimental study scrutinized stress–strain 
models for normal and high-strength confined concrete, 
aimed to verify and compare the reliability of various lit-
erature models in replicating experimental results (Liborio 
et al., 2017). Cavaleri et al. underscored the indispensable 
role of concrete confinement in augmenting the seismic 
resilience of RC structures. They emphasized the signifi-
cance of accurate estimations of concrete stress–strain 
constitutive laws in precisely calibrating nonlinear struc-
tural models and predicting safety conditions. Similarly, 
Chen et al., 2018 conducted a comparative analysis on the 

Table 1 Existing and proposed equations

1 CE is environmental reduction factor and εfu, guaranteed ultimate strain in GFRP bars

Quantity Equations in the codes and proposed

GFRP-RC
(ACI 440.11)

Steel-RC
(ACI 318–19)

Hybrid-RC (proposed)

Strain CE*εfu
1 0.005 0.005

Strength reduction factor for tension-controlled 
section

0.55 0.9 0.9

Minimum reinforcement area 0.41
√
fc ′

ffu
bd 0.25

√
fc ′

fy
bd 0.25

√
fc ′

fy
bd

Balanced reinforcement ratio 0.85β1 fc ′
ffu

(

Ef εcu
Ef εcu+ffu

)

0.85β1 fc ′
fy

(

εcu
εcu+εy

)

0.85β1 fc ′
fy

(

εcu
εcu+εy

)

Shear strength Vc + Vf Vc + Vs Vc + Vf

Concrete contribution to shear strength max(0.42�skcr
√
f ′cbd;

0.066�s

√
f ′cbd)

0.17�s

√
f ′cbd 0.17�s

√
f ′cbd
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flexural performance of RC beams featuring external steel 
reinforcement confinement versus unconfined beams. In 
their conclusions, the authors highlighted that external 
steel confinement significantly improves flexural perfor-
mance (Chen et al., 2018). Al-Etman et al., 2023 also delved 
into the flexural behavior of RC beams reinforced with FRP 
bars, employing both experimental and analytical meth-
ods to gauge the effectiveness of confinement in enhanc-
ing structural performance. The authors concluded that 
the use of GFRP stirrups can reduce cracking and enhance 
flexural ductility (Etman et al., 2023).

Ductility capacity in EC8 and NTC (2018) is a funda-
mental parameter that assesses the ability of a structure 
to undergo significant deformation beyond the elastic 
limit without experiencing collapse. This capacity is cru-
cial, particularly in regions prone to seismic activity, where 
structures must withstand large displacements during 
earthquakes. In EC8, ductility capacity is quantified by 
comparing the post-peak strength curvature at 85% of the 
moment of resistance to the curvature at yield (Comité 
Européem de Normalisation, 2004). This comparison pro-
vides insights into the structural behavior under extreme 
loading conditions. The determination of ductility capac-
ity according to the Italian Code closely aligns with the 
Eurocode approach, emphasizing the importance of evalu-
ating structural behavior in terms of curvature (NTC, 2018, 
2018). The equations provided in the NTC, 2018 offer a 
systematic framework for quantifying ductility capacity, 
considering both material properties and geometrical con-
figurations. Ductility can be calculated as the ratio of the 
ultimate curvature to the curvature at yield, denoted as µφ 
as provided in Eq. (14):

(14)µφ =
φu

φyd
,

where φu represents the ultimate curvature, which is the 
lowest of the last effective curvature of the section corre-
sponding to the achievement of the limit deformation in 
the compressed concrete εcu and/or in the stretched steel 
εsu and the curvature φ(M85%) corresponding to the 15% 
reduction of the maximum resistance moment MRd:

φyd indicates the conventional curvature of the first sec-
tion plasticization, defined by the relation in Eq. (16):

As indicated in Eq. (16), φyd is determined by the 
ratio of MRd to Myd ′ multiplied by φyd ′ , where φyd ′ is 
a reference curvature and Myd ′ the moment in corre-
spondence of the reference curvature φyd ′.

Applying the equations and procedures delineated 
in NTC, 2018, the ductility capacities of the cross-sec-
tion were determined. Specifically, the analysis focused 
on quantifying the ability of the hybrid-RC section to 
undergo significant deformation beyond the elastic 
limit without experiencing collapse. In the assessment 
of section ductility, emphasis is placed on concrete con-
finement as per the NTC, 2018 regulations, typically 
achieved through closed stirrups (or ties in columns). 
Confinement allows concrete to endure higher stresses 
and deformations compared to unconfined concrete, 
while other mechanical properties remain relatively 
unchanged.

The model outlined in Section §4.1.2.1.2.1 of the 
NTC, 2018 was employed in this study as provided in 
Fig 1.
εc2 and εcu represent the concrete strain at the elastic 

limit and ultimate strain, respectively, for unconfined 

(15)φu = min[φ(εcu, εsu);φ(M85%)].

(16)φyd =
MRd

Myd ′
φ′yd .

Fig. 1 Compressive behavior of concrete: A confined and B unconfined
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concrete, while εc2,c and εcu,c for confined concrete. The 
figure shows a significant increase in the deformation 
and strength of confined concrete. The standard recom-
mends adopting characteristic strength values unless 
specific conditions, such as verifying the strength and 
ductility of existing structures, dictate otherwise.

The strength and deformation capacity of confined 
concrete were evaluated following §4.1.2.1.2.1 of the 
NTC, 2018. The confinement pressure was calculated 
using Eq. (17):

Here, α denotes the confinement efficiency coefficient, 
which depends on factors like the quantity, arrangement, 
and spacing of transverse reinforcements, as well as the 
number of restrained longitudinal bars:

σl represents the confinement pressure exerted by trans-
verse reinforcement, with σl,x and σl,y can be calculated as 
per Eqs. (19) and (20):

where Ast,x denotes the transverse reinforcement cross-
sectional area; bx indicates the width of the confined core 
in the same direction, with reference to the midline of the 
stirrups, while s and fyk ,st  represent the spacing and yield 
stress of transverse reinforcement, respectively. Similar 
definitions apply for the y-direction.

The ultimate strain of confined concrete, εcu,c , is deter-
mined by the following parabola–rectangle relationship 
(for concrete classes equal to or less than C50/60):

fck represents the characteristic value of compressive 
cylindrical strength of the material.

2.6  Energy Dissipation
In addition to assessing the ductility of RC elements, 
another critical aspect in structural engineering is the 
evaluation of their energy dissipation capacity. Energy 
dissipation refers to the ability of a structure to absorb 
and dissipate energy during dynamic loading events, 
such as earthquakes or wind gusts, thereby reducing the 
potential for damage or collapse. In reinforced concrete 
RC elements, energy dissipation mechanisms can include 

(17)σ2 = ασl .

(18)σl =
√

σl,x + σl,y.

(19)σl,x =
Ast,xfyk ,st

bys
,

(20)σl,y =
Ast,yfyk ,st

bxs
,

(21)εcu,c = 0.0035+ 0.2
σ2

fck
.

yielding of reinforcing steel, concrete cracking, and hys-
teretic damping effects. This section explores various 
methods and considerations for evaluating the energy 
dissipation capacity of RC elements.

In the context of developing advanced seismic analysis 
and design methodologies, several studies in the litera-
ture have addressed the challenge of accurately estimat-
ing the hysteretic behavior of RC elements, characterized 
by strength, deformability, and energy dissipation capac-
ity. Park and Hong performed nonlinear finite element 
analysis to investigate the behavioral characteristics of 
flexure-dominated RC members under cyclic loading 
(Park & Hong-Gun, 2013). Based on the results, a sim-
plified method was developed to estimate the energy dis-
sipation capacity of such members, validated through 
comparisons with existing experiments on beams, 
columns, and structural walls. The proposed method 
carefully considers various design variables such as rein-
forcement ratio, arrangement, axial compression, and 
sectional shape. While the method does not fully cap-
ture the complexities of the overall hysteretic curve, it 
provides a valuable tool for nonlinear static and dynamic 
analysis in seismic design. The examined reference pro-
poses the following formulation for energy dissipation:

where ED is total energy dissipated by plastic hinge dur-
ing cyclic loading, eD is energy dissipated of a rectangu-
lar cross-section, RB is reduction factor representing the 
Bauschinger effect, which is approximately set to 0.75, ρ 
is reinforcement ratio for total rebars, b , and h are width 
and depth of the rectangular cross-section, respectively, 
φu is maximum curvature, hs is the distance between the 
rebar layers located at the boundaries, p = ρw/ρ with ρw 
the ratio of uniformly distributed rebars and lp is length 
of plastic hinge.

Understanding the plastic hinge length is essential for 
accurately predicting the structural response and ensur-
ing the performance and safety of RC structures. Numer-
ous formulations are present in the literature regarding 
the evaluation of its length, in this study the length of 
the plastic hinge was considered to be equal to the height 
of the hybrid section (h), following the recommenda-
tions outlined in the Building Seismic Safety Council 
(FEMA273/,1997, 1997).

(22)ED = eDlp,

(23)

eD = 4RBρfybh
2φu

[

(1− p)

(

1

2

hs

h
−

εy

φuh

)

+ p

(

1

2
−

εy

φuh

)2
]

,
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3  Numerical Example
An illustrative design example of a HRC cross-section for 
a moment demand equal to 80 kN-m, and a shear equal 
to 70 kN is provided below. For this purpose, a rectan-
gular cross-section was selected with the width (b) equal 
to 300 mm and depth (h) 440 mm. The concrete com-
pressive strength (f ’c) used was taken equal to 40 MPa, 
and GFRP bars were compliant with material specifica-
tions ASTM D8505 (ASTM D8505, 2023). ASTM D8505 
addresses both low elastic modulus bars currently speci-
fied by ACI 440.11 Code and high elastic modulus bars 
available in marketplace. In this study, high elastic modu-
lus bars were selected as low elastic modulus bars are no 
longer used for construction projects. The mechanical 
properties of GFRP bars affecting design include guaran-
teed ultimate tensile strength, ffu, corresponding ultimate 
strain εfu, modulus of elasticity Ef, and modular ratio nf. A 
value of 1.20 for the bond coefficient,  kb, and 0.85 for the 
environmental reduction factor,  CE, are adopted as indi-
cated in ACI 440.11-22 sections 24.3.2.3 and 20.2.2.3, 
respectively (ACI Committee440, 2022).

GFRP bars were placed at 38 mm from the concrete 
surface, whereas steel bars at 75 mm. The longitudi-
nal GFRP reinforcement consisted of 2-M19 GFRP bars 
with a nominal diameter of 19.1 mm and a nominal area 
of 284  mm2. Longitudinal steel bars had a diameter of 
13 mm, with nominal area 129  mm2. M13 GFRP stir-
rups were utilized for shear demand, whereas M8 steel 
stirrups were considered to hold steel bars in place. The 
steel bars had a yield strength equal to 420 MPa and were 
placed at a minimum practical distance to avoid corro-
sion from the surface of the concrete (i.e., 75 mm). The 
properties of reinforcement used in this study are pro-
vided in Table 2. The specific detailing of the reinforce-
ment is out of scope of this study, readers are encouraged 
to consult Chapter 18 of ACI 318-19 for comprehensive 
guidance on reinforcement detailing for structures in 
seismic zones.

Ductility of the cross-section was calculated as per EC8 
and NTC, 2018. Due to complex calculations involved 
in evaluating the ductility of entire structure, it was only 

calculated locally. Similarly, energy dissipation of the 
cross-section was calculated as per procedure presented 
by Park and Hong-Gun (2013) (Park & Hong-Gun, 2013).

3.1  Flexure Design
The cross-section was designed as per provisions of 
ACI 440.11, and ACI 318-19 in addition to the assump-
tion mentioned in section 2 of this paper (ACI Commit-
tee318-19, 2019; ACI Committee440, 2022). Since two 
different types of reinforcement were used, therefore, 
two different effective depths (i.e., df: effective depth to 
GFRP reinforcement, and ds: effective depth to steel rein-
forcement) were used in the analysis of cross-section. 
The nominal capacities provided by each reinforcement 
were added together and multiplied with an overall 
strength reduction factor equal to 0.9 as the strain in 
steel exceeded 0.005.

In the current design example, the effective depth 
(df) to the center of GFRP rebars was equal to 384 mm, 
whereas that for steel bars was equal to 345 mm. The 
minimum reinforcement ratio required as per Eq. (4) was 
equal to 0.0037, and for the moment demand was equal 
to 0.0038. Therefore, reinforcement ratio provided for the 
design of the cross-section was equal to 0.004. The pro-
vided reinforcement ratio was calculated by transforming 
GFRP bars to equivalent steel reinforcement (i.e., ρtotal = 
(ρs +(ρfEf/Es)).

The moment capacity provided by steel reinforce-
ment was calculated using the steel reinforcement area 
in tension, yielding strength of steel (i.e., 420 MPa), 
and effective depth equal to the distance from extreme 
compression fiber to the centroid of steel bars (i.e., ds). 
Similarly, the capacity supplemented by GFRP bars was 
calculated using GFRP reinforcement area, the stress in 
the bars, and effective depth measured from extreme 
compression fiber to the centroid of GFRP tension rein-
forcement (i.e., df). The flexural capacity provided by 
each type of reinforcement was added together as stated 
in ACI 440.1R-15 (2015) and multiplied with strength 
reduction factor (i.e., 0.9 for hybrid-RC). The design 
strength of the cross-section was equal to 90 kN-m, 
which exceeded the demand 80 kN-m. Fig.  2 shows the 

Table 2 Properties of GFRP and steel rebars

Bar type Nominal diameter 
(mm)

Cross-sectional area 
 (mm2)

Yield strength 
(MPa)

Ultimate tensile 
strength (MPa)

Modulus of 
elasticity (GPa)

Ultimate and 
yield strain (%)

Average

GFRP 19.1 200.0 - 897.5 60.0 0.015

12.7 129.0 - 962.0 60.0 0.016

Steel 12.7 129.0 420.0 - 200.0 0.002

8.0 71.0 420.0 - 200.0 0.002
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depth of neutral axis before cracking, at yielding of steel 
and failure. In Fig. 2, εs, is strain in steel bars in tension, 
εy, is yielding strain in steel bars, εc, is strain in concrete 
on compression side of cross-section, εco, is the elastic 
limit of concrete taken equal to 0.002, and εcu, is ultimate 
strain in concrete taken equal to 0.003.

The strain at failure in FRP bars was equal to 0.0059, 
and in steel bars was equal to 0.0051. It should be noted 
that strain in steel bars (i.e., 0.0051) indicates that steel 
bars entered into the plastic zone and that the cross-sec-
tion dissipates energy. The contribution of reinforcement 
on the compression side of the cross-section should be 
considered based on the position of neutral axis depth. 
In the current design example, the neutral axis at failure 
falls below the location of reinforcement on compression 
side, which contributes to compressive force. However, in 
hybrid-section design the position of neutral axis shifts 
quickly depending on the diameter of GFRP and steel 
bars. Hence particular attention may be given towards 
the contribution of reinforcement on the compression 
side of section. Fig 3 presents the reinforcement details 
used in the cross-section design.

The cross-section capacity was greater than twice the 
cracking moment of the cross-section. For example, the 
cracking moment calculated using cross-section dimen-
sions and material properties was equal to 38 kN-m, 
whereas capacity of the cross-section was 90 kN-m. This 
satisfies the purpose of code specifications for minimum 
reinforcement requirements.

3.2  Shear Design
The nominal shear strength of the hybrid section was cal-
culated as discussed in section 2.4, Eq. (7). Shear strength 
provided by concrete cross-section Vc was calculated 
as per provisions of ACI 318-19 provided as Eq. (13) in 

this paper. The size effect factor was also considered in 
the design, since cross-section depth exceeds 250 mm. 
Shear strength provided by the GFRP reinforcement 
may be calculated as given in the ACI 440.11 Code sec-
tion 22.5.8.5.3 provided below:

where Afv, is the area of shear reinforcement calculated as 
given in the Code Commentary equation R22.5.8.5 given 
below:

where fft, is the permissible stress in the GFRP shear rein-
forcement. The design tensile strength of GFRP trans-
verse reinforcement is controlled by the strength of the 
bent portion of the bar and by a strain limit of 0.005 as 
given by Code section 20.2.2.6.

where ffb = CEf
∗

fb = design tensile strength of the bent 
portion of GFRP reinforcement.

Ffb* is the guaranteed ultimate tensile strength of bent 
portion of bar. Its minimum value is taken as specified in 
ASTM D8505 by dividing ultimate guaranteed tensile force 
of bent portion of the bar by nominal cross-section area of 
the bar.

Maximum spacing of stirrups is still governed by ACI 
440.11 code as it is based on the shear capacity of GFRP 
stirrups. Therefore, in this study maximum spacing 
of GFRP stirrups was taken as provided in ACI 440.11. 
Maximum spacing between legs of shear reinforce-
ment was calculated as the least of maximum spacing 

(24)Vf = Afvfft
d

s
,

(25)
Afv

s
=

Vu −�Vc

�fftd
,

(26)fft ≤
(

ffb, 0.005Ef
)

,

Fig. 2 Strain diagram of a hybrid-RC section at varying neutral axis depth
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limitations given by the Code and its Commentary in 
sections R22.5.10.5, 9.6.3.4 and 9.7.6.2.2.

The contribution of concrete cross-section towards 
shear capacity is lower if calculated as per ACI 440.11. 
Together with a 40% reduction in the strength at the bend 
of GFRP transverse reinforcement, it significantly affects 

(27)smax = min























Afv�fft d

Vu−�Vc
R22.5.10.5

Afvfft
0.062

√
fcb

9.6.3.4a
Afvfft
0.35b

9.6.3.4b

min(d
2
, 610mm)9.7.6.2.2

the shear design of GFRP-RC compared with steel-RC. 
However, in the design of hybrid-RC sections, Vc can be 
calculated as per provisions of ACI 318-19, i.e., as in the 
case of steel-RC sections. Therefore, Vc calculated was 
125% more compared to one calculated as per provisions 
of ACI 440.11, i.e., in the case of GFRP-RC sections. For 
example, Vc calculated as per ACI 440.11 section 22.5.5.1 
was equal to 43 kN, compared to 108 kN as per sec-
tion  22.5.5.1 of ACI 318-19. The contribution of GFRP 
stirrups to shear strength would be lower compared to 
the one of steel stirrups due to limits imposed on the 
maximum contribution of GFRP stirrups. For example, 

Fig. 3 Reinforcement details (details are not provided for anchorage of longitudinal bars)
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the guaranteed tensile strength of M13 bars is 770 Mpa, 
however, their maximum contribution cannot be greater 
than 0.005Ef (i.e., 225 Mpa). This limit is imposed to avoid 
loss of aggregate interlock. Therefore, the combined 
shear strength of concrete section and GFRP stirrups in 
a hybrid-RC would be lower than steel-RC but greater 
than GFRP-RC. In this design example, shear capacity 
provided by concrete cross-section was equal to 108 kN 
which is greater than demand 70 kN. However, stirrups 
should still be provided at a maximum distance allowed 
by code in section 9.7.6.6.2 as provided in Eqs. (27–30). 
Therefore, in the current design example GFRP stirrups 
were provided at 190 mm center-to-center.

It has been reported in the literature that the shear fail-
ure in GFRP-RC members occur by opening of stirrup 
legs. Therefore, it is recommended to provide stirrups 
with two overlaps as shown below in Fig. 4.

3.3  Ductility Capacity of the Cross-Section
The ductility of the section under study in terms of cur-
vature was assessed by considering both the contribution 
of confined and non-confined concrete with reference to 
Eq. (14). The assessment concerned the examination of 
how the presence of confinement, provided by both steel 
and GFRP brackets in the section under consideration, 
affects the overall ductility. By integrating the specific 
confinement effects of the section under consideration, 
the analysis aimed to provide a more accurate represen-
tation of its performance, particularly in seismic scenar-
ios where ductility is of paramount importance.

The formulations and constitutive relationships pre-
sented in section 2.5 refer to concrete confined by steel 
stirrups. In the case under consideration, there are both 
steel stirrups on the inner core of the section and GFRP 
stirrups on the outside. Based on the experimental results 
reported in Dong et al., 2018 and pending further studies 
aimed at assessing the confinement of GFRP stirrups on 

concrete, the concrete confinement in this case was eval-
uated by adapting the formulations provided in the NTC, 
2018 for steel stirrups to GFRP stirrups (Dong et  al., 
2018). Therefore, the constitutive relationship of C40/45 
concrete used for the ductility assessment of the section 
under study is depicted in Fig 5.

The ultimate curvature of the section under study was 
assessed by considering the attainment of ultimate strain 
of confined concrete (assumed at the level of longitudinal 
GFRP bars). In Fig. 6, εs, is strain in steel bars in tension, 
εy, is yielding strain in steel bars, εc, is strain in concrete 
on compression side of cross-section, εco, is the elastic 
limit of concrete taken equal to 0.002, εcu, is ultimate 
strain in concrete taken equal to 0.0035 (Comité Euro-
péem de Normalisation, 2004; NTC, 2018, 2018), and 
εcu,c is the ultimate strain in confined concrete.

In Fig. 6, the assessment of the neutral axis and, conse-
quently, the curvature of the section (as depicted by the 
slope of the stress–strain diagram) is presented for four 
key conditions: 1) εs = εsy upon reaching the yield strain 
( εsy ) in the tensile steel bars; 2) εc = εc0 at the attain-
ment of the elastic limit strain (εc0) of the concrete at the 
compressed end; 3) εc = εcu upon reaching the ultimate 
strain  (εcu) of the concrete at the compressed end; 4) 
εc = εcu,c upon reaching the ultimate strain (εcu,c) of the 
confined concrete at the region confined by GFRP bars, 
with the contribution of the upper concrete neglected to 
exceed the ultimate strain value εcu . The figure illustrates 
a notable variation in the depth of the neutral axis and 
consequently the curvature of the section, particularly 
considering the confinement of the concrete. The results 
obtained from the assessment of the section under study 
are presented in Table 3.

Table 3 summarizes the ductility capacities of the sec-
tion, highlighting the contributions of confinement and 
unconfined concrete. It becomes evident from the results 
that the presence of concrete confinement plays a crucial 

Fig. 4 Reinforcement details: a GFRP stirrup, b stirrups overlaps
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role in enhancing the section’s ductility, as shown by con-
dition 4 

(

εc = εcu,c
)

 in Fig.  6; however, such a condition 
is governed by the ultimate strain of the GFRP, partially 

limiting the concrete confinement effect to ensure com-
patibility of deformations. By effectively restraining lat-
eral expansion and increasing compressive strength, 
confinement significantly improves the section’s ability to 
deform without experiencing failure.

The ductility capacity of the cross-section (i.e., 16.8), 
assessed considering confinement, aligns well with the 
curvature demand of SDC D as identified by ASCE 7-16 
(2016). The ductility demand was evaluated in accord-
ance with Eurocode 8, §5.2.3.4.3, using Equation (31):

(28)µχ ,d =

{

2q0 − 1 if T1 ≥ TC

1+ 2(q0 − 1)
TC
T1

if T1 < TC
,

Fig. 5 Concrete C40/45 compressive behavior

Fig. 6 Strain diagram of a hybrid-RC section with confined concrete

Table 3 Ductility capacity

Section f ′c(MPa) εcu µφ

Unconfined 40 0.0035 4.8

Confined 44 0.0077 16.8



Page 13 of 15Hussain et al. Int J Concr Struct Mater           (2025) 19:26  

where q0 is the basic behavior factor, T1 is the fundamen-
tal period of the structure, and TC is the upper limit of 
the constant spectral acceleration branch. The behavior 
factor q0 was determined by correlating it with the equiv-
alent factor in ASCE 7–16, defined as:

In this equation, R is the response modification coef-
ficient, taken as 8 according to Table  12.2-1 (ASCE7-
16, 2016) e Ie is the importance factor, assumed as 1.25 
for seismic risk category III as specified in Table  1.5–2. 
(ASCE7-16, 2016). These values are consistent with SDC 
D requirements. The ductility demand, assessed across 
a range of possible fundamental periods T1 and different 
peak ground acceleration values characteristic of SDC D, 
resulted in values between 13 and 22.

3.4  Energy Dissipation of the Cross-Section
The assessment of energy dissipation capacity for the 
section was conducted in accordance with the formula-
tions outlined in Section  2.6. This methodical approach 
ensures a comprehensive evaluation of the section’s abil-
ity to dissipate energy, crucial for its performance under 
dynamic loading conditions such as seismic events. The 
parameters considered for evaluating the energy dissipa-
tion of the section and the results obtained are summa-
rized in Table 4.

This choice aligns with established guidelines for seis-
mic rehabilitation and reinforces the importance of con-
sidering plastic hinge length in structural analysis and 
design. By adopting this approach, consistency with 
industry standards is ensured, enhancing the reliability 
of the assessment of energy dissipation capacity. Table 4 
provides a comprehensive overview of the parameters 
used in evaluating the energy dissipation of the hybrid 
section, including the dimensions of the section, rein-
forcement ratio, and other key variables. The results 
obtained from these evaluations offer valuable insights 
into the energy dissipation characteristics of the hybrid-
RC sections under consideration. Similarly to the assess-
ment of ductility, the influence of concrete confinement 
can be appreciated. Concrete confinement plays a crucial 

(29)q0 =
R

Ie
.

role in enhancing the energy dissipation capacity of RC 
elements.

4  Conclusions and Recommendations
In this study design and analysis of a hybrid-RC sec-
tion was carried out to develop an understanding about 
design, ductility and energy dissipation of cross-sections 
designed with hybrid GFRP-steel reinforcement. The 
cross-section was designed with M19-GFRP bars placed 
at 38 mm and M13 steel bars at 75 mm from concrete 
cross-section surface. The concrete strength was taken 
equal to 40 MPa. Based on the analysis and design the 
following conclusions were drawn:

• It is possible to design a hybrid-RC cross-section 
using GFRP and steel bars. However, care should be 
taken to properly select the reinforcement configura-
tion. A proper selection of reinforcement area is nec-
essary to make sure that strain in steel bars at failure 
exceeds 0.005 prior to GFRP rupture.

• The minimum reinforcement area required to have 
the ultimate moment capacity greater than the crack-
ing moment may be calculated as per provisions of 
ACI 318–19.

• Assuming a strain in steel bars greater than 0.005, a 
strength reduction factor equal to 0.9 may be used 
when calculating the design strength of a hybrid-RC 
section.

• The shear capacity of a hybrid-RC section may be 
calculated as sum of the strength contributions of 
concrete and GFRP stirrups. Due to the presence of 
the longitudinal steel bars, the concrete contribution 
to shear strength may be calculated as per provisions 
of ACI 318–19. The contribution of steel stirrups to 
the shear strength may be conservatively ignored.

• To calculate ductility and energy dissipation, the 
effect of confinement provided by GFRP stirrups 
is taken equal to that of steel stirrups. However, an 
experimental study is warranted to develop confine-
ment factors similar to the ones in Eurocode and Ital-
ian code.

• Using 2-M19 GFRP and 2-M13 steel bars, the ductil-
ity of the cross-section was calculated equal to 16.8 
and energy dissipation 4.7 kN-m, which make this 
hybrid-RC section acceptable in SDC D.

Table 4 Evaluation capacity of energy dissipated

Designation ρ

(-)
b
(mm)

h
(mm)

hs
(mm)

φu
(1/m)

p
(-)

lp
(mm)

eD
(kN)

ED
(kN-m)

Unconfined 0.002 300 440 483 0.000082 0.5 440 2.2 1.0

Confined 0.00026 3.2 1.7
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The present paper contributes in terms of design and 
assessment criteria, reviewing, comparing, and extend-
ing current codes. Therefore, this study can be viewed as 
an analytical/design proposal awaiting confirmation and 
refinement based on forthcoming experimental results. 
Further studies will experimentally assess the hybrid 
members, possibly corroborating the findings of the 
study.
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