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Abstract: 

Introduction/purpose: Structural design and calculation are based on the 
behavior of concrete and steel separately, without taking into account the 
contribution of stirrups in concrete confinement. The influence of 
confinement in structural modeling can be used to better approximate real 
behavior. The purpose of this study is to develop and validate a non-linear 
model for the behavior of reinforced concrete structures, taking into account 
concrete confinement. 

Methods: A 3D finite element model is used to analyze framed structures. 
This model takes into account shear deformations. The cross-section of the 
beam is discretized into trapezoidal layers, while each layer is assumed to 
be uniaxially stressed. Non-linear constitutive laws are applied to the 
materials. For concrete confinement, the material’s ductility is considered 
using the relationships proposed by Bouafia et al. These models are 
implemented in a computer program. The software monitors the behavior 
of column-beam structures under variable loads until reaching their load-
bearing capacity. 

Results: The results are compared with experiment results, focusing on 
maximum strength and deformability. The comparison shows very 
satisfactory results. In addition, the use of transverse reinforcement for 
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concrete confinement significantly impacts the global behavior of reinforced 
concrete structures by influencing the contribution of ductility. 

Conclusion: The consideration of confinement in structures provides the 
best possible approach to the real behavior of structures. In contrast to 
existing calculation codes, concrete behavior laws do not take into account 
the contribution of confinement by transverse reinforcement. 

Keywords: reinforcement, confinement, modelling, simulation, ductility, 
stirrups. 

Introduction  
In the field of engineering, particularly in construction of civil and 

industrial structures, design and modeling are mainly based on the finite 
element method (FEM). This method has developed considerably 
(Zienkiewicz & Taylor, 2005), initially employing a linear approach for 
discretizing beam elements before evolution towards non-linear 
methodologies (Bathe, 2006). Successive research has continued to refine 
and develop these approaches (Bratina et al, 2004; Rozman & Fajfar, 
2009; Eltoft & Lande, 2015).  

Recent models have introduced various approaches to taking non-
linearity into account in the analysis of reinforced concrete structures, 
including concentrated non-linearities at end nodes, based on the concept 
of plastic hinges (Spacone et al, 1996) or distributed along the element 
(Spacone et al, 1992). These models aim to provide a more accurate 
representation of actual structural behavior, particularly in the case of 
complex or elongated structures subjected to high loads (Scott et al, 1982; 
Mander et al, 1988). Analysis of these structures requires consideration of 
the actual behavior of the materials used - concrete and steel - with recent 
studies proposing various behavioral relationships for these materials 
(Popovics, 1973; Bentz & Collins, 2000; Elwood & Moehle, 2003). 

The main objective is to simulate the actual behavior of structures up 
to failure. This requires the consideration of mechanical non-linearities 
between stress and strain and the effects of transverse reinforcements, 
which not only absorb shear forces but also improve the compressive 
strength of concrete through a confinement effect. Recent experimental 
and theoretical studies have focused on the strength and ductility of 
ordinary concrete elements reinforced with transverse reinforcement, 
illustrating the significant impact of confinement on the behavior of 
concrete sections, whether circular or rectangular (Blume et al, 1961; Roy 
& Sozen, 1965; Soliman & Yu, 1967). 
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Several recent experimental and theoretical studies have analyzed 
the strength and ductility of ordinary concrete elements reinforced with 
transverse steel. This research has highlighted the critical role of 
confinement in the behavior of concrete sections, whether circular or 
rectangular. Recent research by Lu et al. (2019)  and Paultre & Légeron 
(2008) has expanded on previous findings, exploring the effects of 
confinement in both rectangular and circular sections. Further 
experimental analyses on small-scale specimens have been advanced by 
researchers such as Canbolat et al. (2005) and Li et al. (2023), providing 
further insight into material behaviors under various loading conditions. 
These studies continue to highlight the critical influence of steel 
reinforcement on the mechanical properties of concrete. 

For confined concrete, Kent & Park (1971) proposed a model based 
on previous experimental studies. Park et al. (1982), Saatcioglu & Razvi 
(1992), Sheikh & Uzumeri (1982), Ahmad & Shah (1982), Mander et al. 
(1988), Tang et al. (2021) and Chung et al. (2002) have proposed stress-
strain relationships based on the results of tests they carried out. Mander 
et al. (1988) propose a single mathematical relationship that describes the 
entire application domain. Yalcin & Saatcioglu (2000) and Hoshikuma et 
al. (1997) propose two behavior branches.   

Each of the authors proposes stress-strain relationships that take 
confinement into account. Each model is more or less limited; the 
percentages of longitudinal 𝜌௟ and transverse 𝜌௧ steel are more or less 
restricted. The proposed relationships are applied for confinement 
percentages (which depend on the density of longitudinal and transversal 
steels) of between 20 and 25 ‰ only. When applying these models, there 
is a considerable discrepancy between experimental results and 
calculation, especially in the post-peak branch, for confinement 
percentages below 20 ‰. It can be noted that the ascending part is more 
or less representative of all these models, but the descending part after 
the deformation peak differs significantly from the experimental results. 
Another approach, carried out by Bouafia et al (Bouafia et al, 2014; Iddir, 
2016) consists of the proposal of three relations to better approximate the 
post-peak behavior. The correlation of the stress-strain curves with the 
experimental results is satisfying for confinement percentages between 10 
and 25 ‰. 

The present work then asks how to estimate this contribution 
regarding the structures' ductility, particularly by considering confinement 
at the nodal zones at the connection of the reinforced concrete columns-
beams. This study aims to model structures in reinforced concrete under 
monotonic increasing loads until rupture by the finite element method. The 
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modeling is performed considering the six degrees of freedom; it is a three-
dimensional analysis.   

This modeling considers the material non-linearity; the behavior 
relationships of concrete and steel are those derived from actual behavior 
until rupture. This modeling considers the geometric non-linearity and the 
evolution of the shear stresses due to the variation of the shear force 
outside the linear domain. The last parameter is considered by estimating 
the degradation of the shear modulus of concrete. The most interesting 
methods for predicting total displacements were developed from the 1980s 
onwards. Studies by Vecchio & Collins in 1986 (Vecchio & Collins, 1986; 
Kachi, 2006; Kachi et al, 2006; Houde, 2007) led to the modified 
compression field theory, which allows shear force to be taken into account 
in reinforced concrete beams. This model uses the method of strips and 
ties, representing a beam section by a succession of diagonal cracks 
crossed by transverse reinforcement. 

Based on the modified compression field theory, a theoretical model 
presented by  (Kachi, 2006) analyzes the failure behavior of reinforced and 
prestressed concrete beams subjected to the combined effect of plane 
bending and shear force in non-linear elasticity. It can be used to estimate 
the shear stiffness of beams with various cross-sectional shapes and 
reinforcement details. 

The compressive strength of the concrete is limited by the strength of 
the concrete at the struts, which decreases as a function of the principal 
tensile strains perpendicular to the cracking. Cracks affect the transfer of 
shear forces, increasing the compressive forces to maintain equilibrium, 
which reduces the principal compressive stress in the concrete parallel to 
the cracks. 

The third method used in the present study to account for the effect 
of shear stress is that proposed by Adjrad, which adjusts the shear 
modulus as a function of distortion evolution (Adjrad, 2015). 

The present study is organized as follows: first, the behavior of 
concrete and steel used is presented, followed by the effect of transverse 
steel in concrete confinement. Finally, the numerical results, given by 
applying the software developed for this study, are compared and 
validated with the results of experimental tests published in the literature. 

 Material behavior 

Concrete in compression and tension 
The non-linear behavior until failure in compression of concrete, 

without taking into account confinement, is given by Sargin's relation 
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4 (Sargin, 1971). The advantage of this relationship is that the ascending 
and descending branches can be adjusted by the coefficients Kb and K’b, 
respectively, to the results of tests carried out on specimens of standard 
dimensions (Ø = 16 cm, h = 32 cm). The graphical representation of this 
relationship is given in Figure 1 and its mathematical expression is given 
by Eq.1. 

 

Figure 1 – Stress-strain diagram of unconfined concrete, the Sargin model 
 
The behavior of concrete in tension is described by the relations 

proposed by (Grelat, 1978) and shown in Figure 2. 

 

Figure 2 – Stress-strain diagram of unconfined concrete, the Grelat model 
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fcj  is the compressive strength of concrete, 
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𝜀଴  is the peak deformation corresponding to fcj, and 

Eb0 is the elastic modulus of concrete at the origin. 

The stress-strain relationships, for the tension behavior of concrete, 
are given by Eq (2). 

 
 

0
2

2

;

;

0 ;

bt b bt bt ft

rt

bt ft ft bt rt

rt ft

bt bt rt

E

f

   
 

   
 

  

 


   


                         (2) 

ftj: is the tensile strength of concrete, 

𝜀௙௧ is the peak deformation corresponding to fcj, and 

𝜀௥௧    is the deformation corresponding to the plasticization of the tensest 
steel. 

Confined concrete by transverse reinforcement 
The behavior of concrete confined by transverse reinforcement is 

described by the relations proposed by Bouafia et al. (2014). These 
relations define three behavior segments: 

 
 

Figure 3 – Stress-strain diagram of confined concrete, model by Bouafia et al. (2014)  
  
The first part of the curve is ascending and non-linear; the authors 

have proposed a modification of Sargin's relation (Sargin, 1971) to account 
for the confinement (see Equations 3 to 8). 
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where: 
fcc  is the compressive strength of confined concrete, 
fc0 is the compressive strength of unconfined concrete, 
𝜀௖௖଴  is the peak deformation corresponding to fcc, 
𝜀௖଴ is the peak deformation corresponding to fc0, and 
𝐾௖ is the adjustment coefficient. 

 

After reaching the maximum stress, i.e., after the peak stress, the 
behavior tends to decrease along a linear descending branch (this is the 
post-peak zone). The behavior is described by equation (9). When the 
longitudinal strain reaches the value given by equation (11), the stress 
decreases to the value given by equation (12). This stress remains 
constant and a ductility phase is observed, in which the deformation 
reaches values close to 𝜀௖௖௨ (see Equation 13). 
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0.65cc ccf                  (12) 

0
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c

f

f
  

               (13) 
ke  is the effective confinement coefficient, 
fyh  is the yield stress of transverse steels, and 
𝜀௖௖௨ is the ultimate strain. 
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Behavior of steels  
The behavior of steels under monotonic loads is quasi-identical in 

tension and compression; the steels used are natural and hardened. For 
natural steels, the perfect elastoplastic law is adopted (Eyrolles, 2000).  

;

;

0 ;
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E

f

   
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 
  

                                                                         (14) 

The behavior law of work-hardened steels is defined as follows 
(Eyrolles, 2000): 
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 

 
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 
       (15) 

where: 
𝐸௦ is the longitudinal modulus of steel, 
𝜀௘:  is the elastic limit strain of steel, 
𝜎௘  is the elastic limit stress of steel, and 
𝜀௨ is the ultimate deformation of steel. 

Degradation of the shear modulus of concrete 
To more accurately predict the deformation evolution of structures 

subjected to increasing external forces, it is essential to take into account 
deformations attributed to shear in the non-linear domain. Traditional 
studies, such as (Kwon & Spacone, 2002; Buyukozturk, 1977), have often 
neglected these non-linear deformations induced by shear stress. 
Although shear strength can generally be estimated using simple formulas, 
these do not take into account the effects of bending in composite 
materials. In addition, the appearance of shear cracks can result in 
considerable shear displacement, complicating the overall response of the 
structure. Recent research (Lee et al, 2015; Chen et al, 2013) has 
addressed these complexities by incorporating shear deformations into 
their analysis, providing a more complete understanding of structural 
behavior under such conditions. 

The truss analogy model, consisting of connecting diagonal concrete 
struts inclined at an angle θ (see Figure 4) and transverse steel ties, is 
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4 used to calculate the tensile forces in the reinforcement and the 
compressive forces in the concrete connecting struts subjected to 
longitudinal sliding forces (Bouafia, 1991). 

 

 
 

Figure 4 – Truss analogy model  
 
The tension in the reinforcement ranges from maximum to mid-

distance from the cracks (see Figure 5. A), while the strut of concrete is 
subjected to compression parallel to the cracks and tension in the direction 
of the reinforcement (see Figure 5. B). The average elongation of the 
reinforcement is related to the maximum stress. Modeling must take into 
account the compression of the concrete in the direction where the 
reinforcement stress is tension (Bouafia, 1991; Kachi et al, 2006). 
 

 
Figure 5 – Local behavior of reinforced concrete in the transverse direction (A) and the 

longitudinal direction (B)  
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In an alternative method, the degradation of the shear modulus is 
taken into account by applying the model proposed by (Adjrad, 2015). The 
authors propose expressions for estimating the value of the shear modulus 
as a function of the characteristics of the cross-section and the steels (see 
Eqs. 16, 18, 19). These expressions are given according to the three 
behavior zones defined in Figure 6 which allow following the degradation 
of this shear modulus according to the evolution of the cracking of the 
concrete.  

 

Figure 6 – Shear stress evolution versus distortion for a cross-section of reinforced 
concrete (Adjrad, 2015) 

 
The model proposed by the authors is based on a theoretical and also 

statistical study that exploits more than 17 test results carried out on 
reinforced concrete beam and wall elements. These three zones are 
defined as follows:  

Zone 01: before the concrete cracks, the variation of shear stress as 
a function of distortion is linear; the transverse deformation modulus G is 
given by the formula derived from the theory of linear elasticity (see Eq. 
16). 

 
0 0.0003

2 1
c
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E
G for  


   

                                      (16) 

Zone 02: this is the post-cracking phase of the concrete and extends 
to the beginning of the softening of the steel. This zone is represented by 
a straight line whose slope is given by Eq.(17).  
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4 Zone 03: this phase is characterized by the development of softening 
of the steels, and the shear modulus is given by Eq.(18). 
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cj

f f
G for

f

 
     

                                 (18)  

where:  
𝜌௧ is the percentage of transverse reinforcement, 
𝜌௟ is the percentage of longitudinal reinforcement, 
𝑓𝑒௧ is the yield strength of transverse reinforcement, 
𝑓𝑒௟ is the yield strength of longitudinal reinforcement, 
𝑓𝑐௝ is the characteristic compressive strength of concrete, 
𝛾௙௜௦௦ is the shear strain at concrete cracking, 
𝛾௣௟௔ is the shear deformation due to steel plasticization, 
𝛾௥ is the shear strain at fracture, and 
𝜇   is Poisson's ratio. 

The behavior of confined concrete 
The compression forces applied to a reinforced concrete section 

produce lateral forces on the concrete inside the transverse reinforcement. 
The transverse steels are then solicited and thus provide concrete 
confinement. This (internal) confinement, generated by an adequate 
disposition of the steels, increases the load-bearing capacity and ductility 
of the structure. The compressive strength of confined concrete is given 
by Eq.(03) (Ngo & Scordelis, 1967; Soliman & Yu, 1967; Nait-Rabah, 1990; 
Spacone et al, 1992, 1996). 

Circular section 
The circular section, Figure 7, can be idealized by an effectively 

confined concrete which is inside the spiral steel, and an unconfined 
concrete which represents the cover. 

 
 

Figure 7 – Confined concrete in a circular section  
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The confinement coefficient is defined by (Mander et al, 1988): 

'
1

2

1
ce

e
cc cc

s

dA
k

A 

 
 

  
    

     (19) 

The equilibrium of forces in the section can be written as follows: 

2 . . .yh sp yhf A f s d    
     (20) 

The lateral confinement stress is given by: 

' 1

2l s e yhf k f
   

   (21) 

Rectangular section 
For a rectangular section, the effective confined section is the area 

obtained after subtracting all the unconfined parabolas, see Figure 8. The 
effective confinement coefficient is given by: 

 
Figure 8 – Confined concrete in a rectangular section 

 
The effective confinement coefficient is given by: 
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The longitudinal and transverse steel proportions, respectively, can 
be expressed by the following relationships: 

.
sx

lx yh x yh
c

A
f f f

s d
 

   
                      (23) 

.
sy

ly yh y yh
c

A
f f f

s b
 

   
                     (24) 

The result will be: 

'lx e x yhf k f    
        (25) 

'ly e y yhf k f    
                                                                                                                      (26) 

The distribution of the lateral confining stress is at an angle of 45°, 
and the value is given by: 

' '
'

2
lx ly

l

f f
f




                                                                                       (27) 

Model validation 
A finite element analysis software for three-dimensional reinforced 

concrete structures, based on the displacement method, taking into 
account the confinement of the concrete by the transverse reinforcements, 
is developed in the present study and written in Fortran language. This 
program is then applied to isostatic, continuous beams and column-beam 
structures. The comparison with the experimental results is given below 
and is rather satisfactory. 

Confinement is taken into account using the compressive strength of 
the concrete, the diameter and percentage of longitudinal and transverse 
reinforcement, and the geometry of the concrete cross-section. A 
comparison is made with a series of experimental tests carried out by 
Mander (10 tests for circular sections and 13 tests for rectangular 
sections). Figures 9 and 10 present a comparison of the results between 
the experimental and the model of Bouafia et al, for a rectangular and 
circular section, respectively. (Mander et al, 1988; Bouafia et al, 2014; 
Iddir, 2016) 
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Figure 9 – Comparison of the experimental and theoretical stress-strain curves for a 

rectangular shape 
 
 

 
Figure 10 – Comparison of the experimental and theoretical stress-strain curves for 

circular shape  
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The influence of taking into account the transverse reinforcement 
(percentage, spacing, and diameter) was demonstrated in the proposed 
model. 

There is a clear contribution in terms of strength and ductility due to 
the confinement of the section. Thus, the approach adopted (proposal of 
three branches) provides certain flexibility to the model and therefore 
provides a better approach to the behavior of the material. Its application 
for confinement percentages from 10 to 25 ‰ is reasonably satisfactory. 
This model is used in the present study. 

Isostatic beam: Toronto test 
This experiment was done at the University of Toronto by (Vecchio & 

Shim, 2004). It is a program that regroups a series of tests on 12 reinforced 
concrete beams. In our study, we were interested in two representative 
beams from the geometric and reinforcement aspects: B2 and C2. The 
geometric characteristics are shown in Figure 11.  

 

 
 

Figure 11 – Detail of the Toronto beam B2 and C2 
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The test consists of applying a load to the mid-span of the beam using 
a hydraulic jack. The load increments are 40 KN until the beam fails. The 
mechanical characteristics of the concrete and the longitudinal and 
transverse reinforcement are given in Table 1. 

 

Table 1 – Mechanical characteristics of materials. Toronto Beam B2 and C2 
 

Concrete 𝑓௖ᇱ (MPa) 𝑓௧
ᇱ(MPa) 𝐸௖ (MPa) 𝜀଴ 

Beam B2 23.2 3.76 32900 0.0021 

Beam C2 23.8 3.93 32900 0.0021 

Steels Diameter (mm) Area (mm²) 𝒇𝒚 (MPa) 𝑬𝒔 (GPa) 

M25 25.2 500 440 210 

M30 29.9 700 436 200 

Stirrup  6.4 32.2 600 200 
 

Figures 12 and 13 show the evolution of the deflection as a function 
of the loading at the point of application of the incremental force. It can be 
seen that the simulation of our study approaches the experimental curve 
with good results. The concrete confinement is of course taken into 
account according to the real spacing of the transverse steels. 

These figures show a comparison of the results with the confined 
concrete model used in the EN 1992-1-1 code. It can be seen that the two 
behavior laws for confined concrete (Bouafia et al, 2014; Eyrolles, 2000) 
satisfactorily approximate the actual behavior of the experimental tests on 
the beams B2 and C2. The experimental behavior is better approximated 
in the present study. 

 
Figure 12 – Load deflection curves - Toronto Beam B2  
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Figure 13 – Load deflection curves - Toronto Beam C2  

 

Figure 14 shows the influence of transverse steel spacing on concrete 
confinement.  

 

 
 

Figure 14 – Load deflection curves for different spacings – Toronto beam B2 
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Thus, the evolution of ductility in terms of displacement, as well as a 
potential energy of the beam as a function of the ratio of transverse 
reinforcement can be observed as shown in Table 2. 

 
Table 2 – Potential energy versus stirrup spacing. Toronto Beam B2 

 
Spacing 
(cm) 

Potential energy 
(Joules) 

The gain in comparison to the experimental (%) 

2.5 20479.4 124.56 

5 17613.4 93.14 

7 14997.1 64.45 

10 14997.1 38.51 

15 10680.4 17.11 

25 8496.83 -83.17 

Hyperstatic beam: Mattock tests 
The example is taken from a series of tests carried out by Mattock 

(1965) on continuous hyperstatic reinforced concrete beams. The beam to 
be studied has two equal spans and a load point applied in the middle of 
the first span (see Figure 15). The cross-section beam is rectangular and 
the percentage of reinforcement is summarised in Table (3). 

 
Table 3 – Mechanical characteristics of materials. Mattock beam 

 
Concrete 𝒇𝒄ᇱ  (MPa) 𝒇𝒕ᇱ  (MPa) 𝑬𝒄 (MPa) 𝜺𝟎 

Beam 03 24.99 2.1 32160 0.0024 

Steels Diameter (mm) Area (mm²) 𝒇𝒚 (MPa) 𝑬𝒔 (GPa) 

Top layer 6.35 31.67 400 200 

Bottom layer 6.35 31.67 400 200 

Stirrup spacing 15.24 cm 6.35 31.67 400 200 

 

 
 

Figure 15 – Details of the Mattock beam - B3 Beam  
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According to Figure 16, there is a good correlation between the 
simulation and the experiment. The ratio between the calculated and 
experimental rupture load is close to 1 (see Table 4). For displacement, 
the relative error does not exceed 6%. 

 

 
Figure 16 – Load deflection curves - Mattock beam 

 
Table 4 – Load and displacement at the rupture. Mattock beam 

 
  Displacement (mm) Rupture load (KN) 

Simulation 11.75 62.75 

Experimental 12.45 62.63 

Relative error (%) 5.62 0.19 

 
To assess the influence of the concrete confinement, the spacing of 

the transverse reinforcement was increased from 2.5 to 20 cm.  
 
The results, in terms of potential energy, gain compared to the 

experimental, are given in Table 5 and the behavior curves in Figure 17. 
 
The contribution in terms of gain in potential energy and also in 

ductility of the beam is clearly shown. 
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Table 5 – Potential energy versus stirrup spacing. Mattock beam 
 

Spacing 
(cm) 

Potential energy 
(Joules) 

The gain in comparison to the experimental 
(%) 

2.5 1165.13 104.77 

5 976.78 71.66 

7 942.30 65.60 

11 685.56 20.48 

20 354.43 -37.71 

 

 
 

Figure 17 – Load deflection curves for different spacings – Mattock beam   

Portal Frames: Cranston P7 - P9  
The portals we are proposing for study are part of an experimental 

program initiated by Cranston (Grelat, 1978; Espion, 1986; Nait-Rabah, 
1990; Robert, 1999).  

 
The study concerns eight portal frames of the same dimensions, 

hinged at the base (Figure 18). 
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Figure 18 – Cranston portal frame 

 
These portals are loaded at the top of the column by a force H which 

equals one-tenth of the force P applied at two points on the beam.  
The mechanical characteristics of the portal frame are given in Table 6. 
 

Table 6 – Mechanical characteristics of materials. Cranston portal frame 
 

Concrete 𝒇𝒄ᇱ   (MPa) 𝒇𝒕
ᇱ  (MPa) 𝑬𝒄 (MPa) 𝜺𝟎 

Portal frame P7 33.2 2.59 32000 0.0020 

Element As ϕ 9,5 Ai  ϕ 9,5 𝒇𝒚 (MPa) 𝑬𝒔 (GPa) 

1, 20 2  2  278 200 

2, 6, 15, 19 2  2  278 200 

3, 4, 5, 16, 17, 18 2  2  278 200 

7, 14 4  2  278 200 

8, 13 4  2  278 200 

9, 10, 11, 12 6  2  278 200 
 

The vertical deflection at the middle section of the beam (at the 
junction of elements 10 and 11, see Figure 18) versus the vertical load P 
is shown in Figure 20.   

The simulation results conform with the experimental results, 
especially in the linear domain and in the region of the rupture. The 
disparities observed in the post-cracking domain may be due to the 
incertitude of the mechanical properties of the steels; these are not 
provided by the author but are given by Grelat (1978). The difference 
(relative error) observed between the rupture loads (calculation/test) is 
0.39% and in terms of displacement, this difference is 1.79%. (see Table 
7). 
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Figure - 19 Load deflection curves – Cranston portal frame  

 
 

Table 7 – Load and displacement at the rupture. Cranston Portal frame 
  

 Displacement (mm) Rupture load (KN) 

Simulation 13.64 48.16 

Experimental 13.89 48.35 

Relative error (%) 1.79 0.39 

 
Closer stirrups provide a gain in potential energy. This gain is also 

estimated and compared to the portal frame configuration with the actual 
stirrup spacing (Table 8). The ductility contribution is shown in Figure 20.  
 

Table 8 – Potential energy versus stirrup spacing. Cranston portal frame  
 

Spacing 
(cm) 

Potential energy 
(Joules) 

The gain in comparison to the experimental 
(%) 

2.5 487.28 14.26 

5 439.86 3.15 

15 256.31 -39.90 
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Figure 20 – Load deflection curves for different spacings – Cranston portal frame  

 
For the behavior of the portal frame under the effect of the horizontal 

load, Figure 21 shows the evolution of the horizontal displacement of the 
top of the portals as a function of the lateral load H.  

 
 

Figure 21 – Lateral displacement versus the horizontal load H – Cranston portal frame P7 
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The results of the calculation/test comparison are satisfactory; the 
behavior is well described by the numerical simulation (see Table 9).  

 

Table 9 – Lateral load and displacement at the rupture. Cranston portal frame 
 

  Displacement (mm) Rupture load (KN) 

Simulation 19.09 4.60 

Experimental 19.37 4.63 

Relative error (%) 1.46 0.60 

 
The closer spacing of the transverse reinforcement allows better 

confinement of the concrete; this increases ductility (Figure 22). This gain 
is also reflected in an increase in potential energy, which is estimated as 
a function of the spacing of the transverse steels and by comparison with 
the experimental configuration (Table 10). 
 

Table 10 – Potential energy versus stirrup spacing. Cranston portal frame  
 

Spacing 
(cm) 

Potential energy 
(Joules) 

The gain in comparison to the experimental 
(%) 

2.5 1036.49 72.84 

5 860.73 43.53 

15 336.47 -43.89 

 

 
 

Figure 22 – Lateral displacement versus load for different spacings - Cranston portal 
frame 
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Conclusion  
Taking into account the confinement of concrete permits us to 

appreciate the contribution in terms of ductility and the gain in potential 
energy. It also allows the increase in the ultimate load of reinforced 
concrete structures to be appreciated. The selected model is implemented 
in a computer program written in the Fortran language. This program 
allows following the behavior of column-beam structures subjected to 
variable loading until the structure's capacity is exhausted. The calculation 
results are compared with the experimental test results on reinforced 
concrete beams and frames obtained by other authors.  

The comparison results, in terms of maximum load and deformability, 
are very satisfactory. The difference between the calculated values and 
those obtained experimentally does not exceed 2% in terms of maximum 
load. The contribution in terms of deformability represents 10 % to 70 %. 

The ultimate value of the rupture load is greater the smaller the 
spacing of the stirrups. Finally, the influence of taking into account the 
confinement of concrete by transverse reinforcements on the nonlinear 
behavior of column-beam structures and their ductility was demonstrated. 
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Resumen:  

Introducción/objetivo: El diseño y cálculo estructural se basan en el 
comportamiento del hormigón y del acero por separado, sin tener en cuenta 
el aporte de los estribos en el confinamiento del hormigón. La influencia del 
confinamiento en el modelado estructural se puede utilizar para 
aproximarse mejor al comportamiento real. El propósito de este estudio es 
desarrollar y validar un modelo no lineal para el comportamiento de 
estructuras de hormigón armado, teniendo en cuenta el confinamiento del 
hormigón. 

Métodos: Se utiliza un modelo de elementos finitos 3D para analizar 
estructuras enmarcadas. Este modelo tiene en cuenta las deformaciones 
por corte. La sección transversal de la viga se discretiza en capas 
trapezoidales, mientras que se supone que cada capa está estresada 
uniaxialmente. A los materiales se les aplican leyes constitutivas no 
lineales. Para el confinamiento del hormigón, la ductilidad del material se 
considera utilizando las relaciones propuestas por Bouafia et al. Estos 
modelos se implementan en un programa informático. El software 
monitorea el comportamiento de estructuras columna-viga bajo cargas 
variables hasta alcanzar su capacidad portante. 

Resultados: Los resultados se comparan con los resultados del 
experimento, centrándose en la máxima resistencia y deformabilidad. La 
comparación muestra resultados muy satisfactorios. Además, el uso de 
refuerzo transversal para el confinamiento del hormigón impacta 
significativamente el comportamiento global de las estructuras de hormigón 
armado al influir en la contribución de la ductilidad. 

Conclusión: La consideración del confinamiento en estructuras proporciona 
la mejor aproximación posible al comportamiento real de las estructuras. A 
diferencia de los códigos de cálculo existentes, las leyes de 
comportamiento del hormigón no tienen en cuenta la contribución del 
confinamiento mediante el refuerzo transversal. 

Palabras claves: refuerzo, confinamiento, modelado, simulación, 
ductilidad, estribos. 

Влияние давления поперечной арматуры на нелинейные 
характеристики железобетонных конструкций 
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Резюме: 

Введение/цель: Проектирование и расчет конструкций основаны 
на поведении бетона и стали, рассматриваемых отдельно, без 
учета влияния хомутов в предварительно напряженном бетоне. 
Эффект давления при структурном моделировании можно 
использовать для лучшего приближения к реальному поведению. 
Целью данного исследования является разработка и испытание 
нелинейной модели поведения железобетонных конструкций с 
учетом сжатия бетона. 

Методы: Для расчета железобетонных конструкций 
используется трехмерная модель конечных элементов, 
учитывающая сдвиговые деформации. Поперечное сечение балки 
разделено на трапециевидные слои, при этом предполагается, 
что каждый слой имеет одноосное напряжение.  К материалам 
применяются нелинейные определяющие законы. Для 
определения прочности бетона учитывается пластичность 
материала с использованием соотношений, предложенных 
Буафией и соавторами. Эти модели реализованы в 
компьютерной программе. Программное обеспечение 
отслеживает поведение колонно-балочных конструкций при 
переменных нагрузках до достижения их несущей способности. 

Результаты: Полученные результаты сравнивались с 
результатами экспериментов с акцентом на максимальную 
прочность и деформируемость. Сравнительный анализ показал 
весьма удовлетворительные результаты. Помимо того, 
использование поперечного армирования для прочности бетона 
существенно влияет на общие характеристики 
железобетонных конструкций, в том числе и на его 
пластичность. 

Вывод: Учет сжатия в конструкциях обеспечивает наилучший 
подход к реальному поведению конструкций. В отличие от 
существующих правил расчета, законы поведения бетона не 
учитывают влияние сжатия за счет поперечного армирования. 

Ключевые слова: армирование, сжатие, моделирование, 
симуляция, пластичность, хомуты. 

Утицај притискања попречном арматуром на нелинеарно 
понашање   армиранобетонских конструкција 

Аднан Ораба, аутор за преписку, Јусуф Буафиа,  
Абделкадер Идир, Муханд Саид Качи 

Универзитет „Мулуд Мамери”, 
Одељење за грађевинарство, Лабораторија L2MSGC, 
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ОБЛАСТ: машинство, грађевинарство 
КАТЕГОРИЈА (ТИП) ЧЛАНКА: оригинални научни рад 

Сажетак:  

Увод/циљ: Пројектовање и прорачун конструкција заснивају се на 
понашању бетона и челика посматраних одвојено, без узимања у 
обзир утицаја узенгија у притиснутом бетону. Утицај притискања 
у моделовању конструкције може се искористити за бољу 
апроксимацију стварног понашања. У студији је развијен и 
тестиран нелинеарни модел за понашање армиранобетонских 
конструкција, узимајући у обзир притискање бетона.  

Методе: За анализу армираних конструкција користи се  модел 
коначних елемената 3Д који узима у обзир деформације смицања. 
Попречни пресек греде је дискретизован у слојеве облика трапеза 
где се за сваки слој узима де је у једноосном стању напрезања. 
Примењују се нелинеарни конститутивни закони материјала. За 
притискање бетона разматра се дуктилност материјала 
коришћењем релација предложених у Буафиа и др. Ти модели су 
имплементирани у компјутерски програм. Софтвер прати 
понашање конструкција стуб-греда под различитим 
оптерећењима до достизања њихове пуне носивости.  

Резултати: Резултати који су поређени са експерименталним 
резултатима, нарочито када је реч о максималној чврстоћи и 
деформабилности, показали су се као веома задовољавајући. Поред 
тога, коришћење попречног ојачања за притискање бетона утиче 
на понашање армиранобетонских конструкција у целини путем 
доприноса дуктилности. 

Закључак: Разматрање притиснутости у конструкцијама 
обезбеђује најбољи могући приступ понашању конструкција у 
реалности. За разлику од постојећих прорачунских израза, закони 
понашања бетона не узимају у обзир допринос притискања помоћу 
попречне арматуре. 

Кључне речи: армирање, притискање, моделовање, симулација, 
дуктилност, узенгије. 
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