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SUMMARY: Reinforced concrete is a widely used structural material. Usually, steel is the material used for reinforcing 
elements. Most important problem with using steel is the fact that it is susceptible to corrosion, which significantly affects 
durability of a structure. Fiber reinforced polymer (FRP) materials can be used instead of steel to avoid corrosion. FRP 
can either be used for repair of existing, or design of new structures. Different materials can be used to form FRP 
reinforcement, each having their own modulus of elasticity and strength, but all of them behaving elastically until failure. 
Usually, stiffness of steel is greater than stiffness of FRP bars, making FRP reinforced elements more sensitive to 
deflections. Hybrid FRP – steel reinforced members mitigate insufficiencies of both elements reinforced only with steel 
and elements reinforced only with FRP. Behaviour of hybrid reinforced members depends on not only the amount of each 
type of reinforcement, but also on its distribution inside a section. Since ductility of sections is important for overall 
structural response, a more detailed analysis of ductility is given in this paper. Different concrete sections with the same 
bending moment capacity are analysed. Only rectangular sections under bending moment are considered in this paper. 
Concrete class, width and height are all kept the same, while the rebar material, amount and layout are varied. Bending 
moment – curvature diagrams are obtained and compared with each other, as well as section stiffnesses. 
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1 INTRODUCTION 

Concrete structures are traditionally reinforced with steel rebars which tend to corrode and cause durability problems. 
As a shift occurs from building new to maintaining the existing structures, need for a non-corroding reinforcement arises. 
Fiber reinforced polymer (FRP) reinforcement doesn’t corrode which makes it more durable than steel. This is important 
not only in the design of new structures, but also for the repair of existing ones. Usually rebars are used in new structures, 
while FRP bands are used in the repair of existing structures, but that doesn’t have to be the case. In this paper only 
rebars are considered.  

One additional advantage of non-metallic reinforcement is the fact that it’s nonmagnetic which can be useful in certain 
situations. FRP has some disadvantages as well, most notably the fact that it is a nonductile material that has a lower 
modulus of elasticity than steel. This leads to much larger deflections and less shear strength than beams reinforced with 
steel for similar cross sections [1]. Due to large expected deflections, they may govern design requiring a larger amount of 
reinforcement, than is necessary for ULS, to control the deflections. Similar problem arises regarding the crack width 
which is also larger for FRP reinforced elements. Additional problem is the limited availability of curved or shaped 
reinforcement bars used for shear or torsion reinforcement. Strength of FRP is greater than strength of steel causing 
significant differences in strength to stiffness ratio between the two materials. This has a significant impact on the 
distribution of stresses along the section [2]. Design of sections reinforced with FRP is mostly based on the same 
principles that were developed for steel reinforced sections like the fact that plane sections remain plane and no 
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significant bond slip takes place. Former depends on the latter since high bond demand around the crack can lead to 
bond slip and higher deformations.  

Flexural capacity of FRP reinforced section can either be controlled by concrete crushing or reinforcement rupture, 
since no yielding of rebars is possible. Although both types of failure are brittle and generally undesirable, sections are 
usually designed to achieve failure by concrete crushing rather than rupture of rebars. This is achieved by over-reinforcing 
a section [2]. If flexural overstrength is achieved, codes of practice do not provide information about the failure mode that 
will actually occur first and at which load level [2].  

To avoid disadvantages of both steel and FRP, hybrid reinforcement may be implemented. Behaviour of hybrid 
reinforced elements is somewhere between pure FRP and pure steel elements. Instead of separate steel and FRP 
rebars, a combined hybrid rebar may be used [3], but it is less common. Hybrid sections can be achieved with combining 
different types of FRP [4]. Although behaviour of members reinforced with FRP has been researched extensively [1], [2], 
[4] – [12], limited theoretical and experimental data exists on hybrid FRP-steel elements [13] – [21]. Using hybrid systems 
ensures higher ductility than using pure FRP reinforcement, but it’s unclear how to ensure ductility comparable to that of 
conventional steel reinforced elements [18]. To avoid corrosion obviously location of each bar needs to be considered. 
Corner steel bars should be replaced with FRP bars to ensure durability [19]. Ratio of steel to FRP reinforcement, as well 
as location and distribution of rebars influences the behaviour of a hybrid section. Because of that, an analysis was 
carried out in this paper to determine ductility of a section with different arrangements of steel and FRP rebars and their 
influence on stiffness. Although some research exists on the topic [15], [16], [22], it only covers some specific situations 
so further analysis needs to be done.  

2 SECTION BEHAVIOUR AND MODELLING ASSUMPTIONS 

Geometry of a rectangular section and strains, as well as symbols used are shown in figure 1.  

 

Figure 1: Section geometry and strains 

Several modes of failure of hybrid section under bending can occur: 

1) concrete crushing before the steel yields and FRP ruptures   (εc = εcu2 ; εs1 < εyk ; εf1 < εfu) 
2) concrete crushing after the steel yields, but before FRP ruptures  (εc = εcu2 ; εs1 ≥ εyk ; εf1 < εfu) 
3) Steel ruptures followed by concrete crushing before the FRP ruptures  (εc = εcu2 ; εs1 = εsu ; εf1 < εfu) 
4) Steel ruptures followed by FRP rupture before the concrete crushing  (εc < εcu2 ; εs1 = εsu ; εf1 = εfu) 
5) FRP ruptures followed by concrete crushing before the steel yields  (εc = εcu2 ; εs1 < εyk ; εf1 = εfu) 
6) FRP ruptures followed by concrete crushing before the steel ruptures  (εc = εcu2 ; εs1 < εsu ; εf1 = εfu) 
7) FRP ruptures followed by steel rupture before the concrete crushing  (εc < εcu2 ; εs1 = εsu ; εf1 = εfu) 
8) FRP ruptures at the same time as concrete crushing before the steel ruptures (εc = εcu2 ; εs1 < εsu ; εf1 = εfu) 

d f
1

d f

d 1
d

b

d 2d f
2

ε f1

εs1

εc

ε f2
εs2

h

As1

As2

Af2

Af1

compression
tension



UP

121

2nd International Conference on Construction Materials for Sustainable Future
20-21 April 2021, Slovenia

2nd International Conference on Construction Materials for Sustainable Future, 
15-17 April 2020, Bled, Slovenia 

 
 

3 

Where: εcu2  ultimate concrete compressive strain 
  εyk  characteristic yield strain of steel reinforcement 
  εsu  ultimate steel strain at rupture 
  εfu  ultimate FRP strain at rupture   

Failure number 8 is called a balanced failure for hybrid elements where crushing of concrete and FRP rupture occur at 
the same time [16], [17]. While some other types of failure may be possible, they are less probable. Out of the 8 
presented here, failure types 1 and 5 seem the least probable. Failure number 2 seems like the most acceptable design 
choice [16]. This is also proposed in [6]. To achieve that type of failure, based on the analysis made in [16] limits of the 
amount of FRP reinforcement were given. Additional research should be made, and equations revised if they were to be 
used in the codes. Ultimate strains and yield strain depend on the material used. Some analytical [16] and numerical [22] 
procedures were proposed recently for assessment of hybrid element behaviour, but variation of reinforcement location 
along the height was not considered in either paper. Influence of axial force, as well as the distribution of reinforcement 
and their different arrangement were not considered in either [16] or [22]. Different arrangements of reinforcement along 
the height of a section and axial force were considered in [15], but only numerical procedure with no equations was given. 
Using nonlinear time history analysis, they determined hysteresis loops and compared different reinforcement 
distributions. It was shown that walls with steel reinforcement near the ends and FRP reinforcement near the middle of 
the wall were as good at dissipating energy as their conventional steel reinforced counterparts but had a greater self-
centring behaviour. This may lead to the development of improved seismic resisting systems. The question remains as 
how to implement this into the codes, i.e. how to ensure that hybrid sections have the required ductility since rebar 
arrangement and the ratio of steel to FRP reinforcement can significantly influence the behaviour.  

Bending moment – curvature diagrams describe the behaviour of a concrete section. It is defined by a few 
characteristic points: 

• Forming of a crack  (Mcr – 1/rcr) 
• Yielding of steel   (My – 1/ry) 
• Rupture of either steel of FRP (Mr – 1/rr) 
• Cross section failure  (Mu – 1/ru) 

Depending on the type of failure discussed before, some of these points may not exist for a given cross section. Only 
a brief theoretical overview is presented here, detailed background of defining a bending moment – curvature diagram for 
pure steel reinforced sections can be found in [23]. Internal forces, stresses and strains at different characteristic points 
are shown in figure 2. The failure shown is failure number 6 because all the characteristic points are visible. 

 

Figure 2: Strains and internal forces for specific points of bending moment – curvature diagram 

In figure 2 fctm is mean tensile strength of concrete, F are forces and fck is characteristic compressive strength of 
concrete. In this specific example, steel at the top of the section changed signs between the point of lower steel yielding 
and lower FRP rupturing. Depending on the geometry of a section, amount of reinforcement, their ratio and location along 
the location of the neutral axis changes for each of the specific points and with it the sign of some forces might change. 
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Bending moment – curvature diagram for a situation shown in figure 2 is drawn in figure 3. 

 

Figure 3. Bending moment – curvature diagram for failure mode 6 

Rupture of FRP causes a jump in diagram as can be seen in figure 3. Bending moment before rupture is denoted as 
Mr, while bending moment after rupture is denoted Mar. If no steel existed, failure would occur at curvature 1/rr (although 
numerically, this point would have a slightly different value without steel) so it can clearly be seen from figure 3 that 
adding steel to an FRP section increases the curvature capacity of a section. It can also be seen from the figure 2 that the 
location of reinforcement will influence the behaviour of the section because forces in rebars depend on their vertical 
position inside a section. Ductility changes with location of each reinforcement, and so does the stiffness of the section. 
Location of rebars was varied and ductility calculated as µφ = (1/ru) / (1/ry). Stiffness variation was also calculated for 
different rebar locations. 

2.1 Modelling procedure 

Cross section considered in this paper is rectangular with parameters shown in figure 1. Variation of reinforcement 
location along the height is considered by varying the distances d1, d2, df1 and df2. Only one row of reinforcement is 
considered in tension and one in compression for both steel and FRP. If more rows are required, for calculation they may 
be substituted with one row which gives the same resultant tensile force. Steel reinforcement can be either above or 
below the FRP. Only rectangular cross sections are considered and positive bending moment (bottom part of the section 
is in tension). There is no difference in the way moment – curvature diagram is calculated when negative moment acts on 
a section because the section is rectangular. Procedure for determining bending moment – curvature diagrams, as 
presented earlier, is adopted from [23], but some changes were made. Procedures for considering axial force, T shape of 
sections, as well as multiple rows of reinforcement of different characteristics were added to an already existing program. 
Although some of these additions were not used in this paper, they might prove themselves useful in further research. 
Material properties used in this paper are presented in table 1. Concrete and steel properties were taken from Eurocode 
HRN EN 1992-1-1 [24] and FRP properties were taken from fib bulletin 40 [25]. The only modification made in this paper 
is that strength is calculated from modulus of elasticity and ultimate strains, instead of being taken directly from [25]. The 
reason is that values given there do not match exactly. Concrete is modelled with parabola-rectangle diagram and steel 
with bilinear elastic-perfectly plastic diagram in accordance with HRN EN 1992-1-1 [24]. FRP is modelled as linear until 
rupture. Plane sections are assumed to remain plane after bending and no slippage of any reinforcement is considered. 
Tension strength of concrete is disregarded. Only flexural behaviour is considered, and it is assumed that no other type of 
failure will occur (such as shear failure). Influence of stirrups on the confinement of concrete is not considered. It is 
considered in this paper that when the concrete crushes, failure has occurred. This assumption, as well as other 
assumptions made in this paper are usually considered in design of pure steel and pure FRP reinforced sections. 
Influence of axial force on ductility was not considered in this paper. 
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Table 1. Material properties used in this paper 

Material Concrete 
C25/30 

Steel 
B500B 

Carbon FRP 
(high strength) 

E-glass 
FRP 

characteristic strength [N/mm2] 25 500 2640 1738 
Young modulus [N/mm2] 31476 200000 240000 72400 
yield strain [‰] - 2,5 - - 
ultimate strain [‰] 3,5 50 11 24 

3 RESULTS 

3.1 Variation of ductility with rebar distribution 

Reinforcement ratio was kept constant at ρ1 = ρ2 = ρ1f = ρ2f = 0,005 where ρ1 is tension steel reinforcement ratio, ρ2 is 
compression steel reinforcement ratio, ρ1f is tension FRP reinforcement ratio, ρ2f is compression FRP reinforcement ratio. 
All the reinforcement ratios are calculated with larger value of d and df. Only tension steel and FRP reinforcement’s 
position was varied, compression steel and FRP were held at constant height, i.e. d2/h = 0,1 and df2/h = 0,1 for simplicity. 
Width of rectangular section used in calculation was 30 cm and height 50 cm.  

Table 2. Calculated ductilities for different positions of tension reinforcement 

d1/h df1/h d2/h df2/h µCFRP µGFRP 
0,1 0,1 0,1 0,1 2,98 4,57 
0,2 0,1 0,1 0,1 2,52 3,95 
0,3 0,1 0,1 0,1 2,06 3,33 
0,4 0,1 0,1 0,1 1,58 2,70 
0,5 0,1 0,1 0,1 1,05 2,07 
      
0,1 0,2 0,1 0,1 3,26 4,85 
0,2 0,2 0,1 0,1 2,92 4,45 
0,3 0,2 0,1 0,1 2,42 3,77 
0,4 0,2 0,1 0,1 1,90 3,08 
0,5 0,2 0,1 0,1 1,35 2,39 
      
0,1 0,3 0,1 0,1 3,59 5,18 
0,2 0,3 0,1 0,1 3,23 4,75 
0,3 0,3 0,1 0,1 2,85 4,31 
0,4 0,3 0,1 0,1 2,28 3,55 
0,5 0,3 0,1 0,1 1,69 2,78 
      
0,1 0,4 0,1 0,1 4,00 5,56 
0,2 0,4 0,1 0,1 3,60 5,10 
0,3 0,4 0,1 0,1 3,19 4,63 
0,4 0,4 0,1 0,1 2,76 4,13 
0,5 0,4 0,1 0,1 2,11 3,27 
      
0,1 0,5 0,1 0,1 4,52 6,02 
0,2 0,5 0,1 0,1 4,07 5,52 
0,3 0,5 0,1 0,1 3,61 5,01 
0,4 0,5 0,1 0,1 3,14 4,48 
0,5 0,5 0,1 0,1 2,65 3,91 
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It is clear from the results shown in table 2 that vertical position of reinforcement influences the ductility of a section. 
This happens because strain in reinforcement changes with the change of its position. Mode of failure could change for 
different position and ratio of reinforcement which would imply a change of ductility. Second mode of failure (as described 
in section 2 of this paper) was noted in all cases shown in table 2. Bending moment – curvature diagram for this type of 
failure is shown in figure 4. It differs from the one in figure 3 because no FRP rupture occurs (there’s no jump in the 
diagram). If for example ρ1f is changed to 0,0003 type of failure changes to 6 and with it the ductility. Comparing the 
values in table 2 it seems that the ductility increases by moving FRP bars away from tension face, and opposite can be 
said for steel bars. Moving FRP reinforcement towards a middle of a section seems to always increase ductility, but 
further research needs to be done to validate this assumption. Further research should be done to better understand the 
change of ductility.  

 

Figure 4. Bending moment – curvature diagram for failure mode 2 occurring in analysis 

3.2 Variation of bending stiffness with rebar distribution 

In addition to change of ductility, stiffness changes with the location of reinforcement. As stiffness changes with 
curvature, bending stiffness (Kb = M/(1/r)) – curvature (1/r) diagram is constructed. Stiffness is calculated as ratio of 
bending moment and curvature for all of the specific points of a diagram and linearly interpolated in between. For bending 
moments smaller than cracking moment, stiffness is assumed to be constant. Bending stiffness – curvature diagram is 
shown in figure 5, but only for the first five inputs in table 2, i.e. only variation of steel along the height was shown, while 
FRP rebars were held constant at 0,1h distance from tension face. Also, only stiffness of section reinforced with GFRP 
bars is considered. Both these simplifications were made only for clarity of diagrams presented and same conclusions 
apply for different locations of rebars and CFRP rebars. In figure 6 steel rebars were held constant at 0,1h distance from 
tension face and FRP location was varied along the height. 

It can be seen from figure 5 that variation of stiffnesses with the change of steel rebar position is significant for the 
points between cracking of concrete and steel yielding. Ultimate curvature didn’t change, while ultimate moment changed 
slightly.  

It can be seen from figure 6 that variation of stiffnesses with the change of FRP rebar position is less significant than 
with variation of steel. Ultimate curvature changes increases with rebars further away from tension face of the section. 

Further analysis should be done to investigate all the influences on stiffness and ductility of hybrid sections. This could 
lead to better understanding of such a system and could help in code development. 
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Figure 5. Bending stiffness – curvature diagram with the change of steel location 

 

Figure 6. Bending stiffness – curvature diagram with the change of GFRP location 

4 CONCLUSION 

Hybrid FRP – steel reinforced concrete combines the benefits of both materials and minimises their negatives. 
Behaviour of hybrid sections needs to be investigated for it to be applicable in the real world. Although much is already 
known about such elements, further research should be done to understand some of the aspects of behaviour. One of the 
important aspects is the ductility of a section, another one is stiffness. In this paper ductility and stiffness of hybrid 
sections with different rebar positioning were analysed. Because failure mode plays an important role in the overall 
behaviour rebar positioning can prove to be of great importance when determining ductility. It is shown in this paper that 
the ductility depends on the position of rebars, but further research should be done to fully understand it. Bending 
stiffness seems to depend more on the location of steel than FRP, but ultimate curvature increases more with the change 
of FRP location, at least for a specific type of failure. 
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