
11th World Congress on Computational Mechanics (WCCM XI) 

5th European Conference on Computational Mechanics (ECCM V) 

6th European Conference on Computational Fluid Dynamics (ECFD VI) 
E. Oñate, J. Oliver and A. Huerta (Eds) 

 

 
 

NUMERICAL MODELING OF THE CORROSION EFFECTS ON 

REINFORCED CONCRETE BEAMS 

I.B.N. FINOZZI
*
, L. BERTO

*
, A. SAETTA

* 
AND H. BUDELMANN

†
 

* 
Department DACC - University IUAV of Venezia  

Dorsoduro 2206 - Venezia, 30123, Italy. 

e-mail: irenebarbaranina.finozzi@unifi.it 

e-mail: luisa.berto@iuav.it 

e-mail: saetta@iuav.it 

 
† 
IBMB Department - Technische Universität Braunschweig 

 Beethovenstraße 52,38106, Braunschweig, Germany. 

e-mail: h.budelmann@ibmb.tu-bs.de 

 

Key Words: Corrosion, Non-linear analysis, Damage Model. 

Abstract. The evaluation of the structural response of existing reinforced concrete (RC) 

structures, subjected to aggressive environment, is still an evolving research topic. In 

particular, corrosion of steel reinforcement, which is acknowledged as one of the main causes 

of deterioration, may lead to a drastic reduction of the service life, a decrease of the ultimate 

load and a reduction of the global ductility. In this paper, a methodology able to evaluate the 

non-linear behaviour of RC elements at different level of deterioration, using an enhanced 

numerical damage model, is developed. The proposed comprehensive approach consider all 

the main local effects of corrosion, e.g. reduction of steel reinforcement cross section and 

mechanical properties, due to uniform and pitting corrosion; cracking and spalling of the 

concrete cover, by reducing the compressive strength and the ductility of the concrete; and 

bond degradation. The ability of the model to reproduce different types of failures is first 

verified with reference to the results of experimental tests carried out at sound RC beams. 

Then, some structural elements subjected to different levels of corrosion are analysed and the 

consequences of the local effects of corrosion on the structural response are discussed. 

1 INTRODUCTION 

The evaluation of the structural response of existing reinforced concrete (RC) structures, 

subjected to aggressive environment, is nowadays an important research topic, due to the 

large number of structures involved and the severity of the consequences. The corrosion of 

steel reinforcement in RC structures, is in particular one of the main causes of deterioration 

and may lead to a drastic reduction of the service life, a decrease of the ultimate load and a 

reduction of the global ductility. In the last years, many works have been carried out for a 

better understanding of the causes and the mechanisms of steel corrosion. However, there is 

still a lack of models being able to assess deteriorated structures. A numerical damage model 
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for the evaluation of the non-linear behaviour of RC beams, under different levels of 

corrosion is presented and applied to some case studies. The model takes into account the 

main local effects of corrosion, e.g. reduction of steel reinforcement cross section area and 

mechanical properties, due to uniform and pitting corrosion; cracking and spalling of the 

concrete cover, by reducing the compressive strength and the ductility of the concrete; and 

bond degradation. For high levels of corrosion penetration, it has been observed that RC 

beams may modify the type of failure e.g. from flexural to shear. For this reason, the 

capability of the numerical model to reproduce different types of failures in sound conditions 

is an important prerequisite for properly simulating corrosion effects. The potential of the 

model is verified firstly with reference to the results of experimental tests carried out at 

different sound RC beams [1,2]. Then, some structural elements subjected to different levels 

of corrosion are analysed. The numerical results are compared with the experimental tests of 

Rodriguez et al. [3,4]. In particular, two series of RC beams are modelled, to investigate the 

different effects of steel corrosion on beams with higher or lower ratio of reinforcement.  

2 NUMERICAL MODEL 

2.1 Concrete material 

The concrete material is modelled with a coupled environmental-mechanical damage 

model (e.g. Saetta et al. [5], Berto et. al [6]), which couples the mechanical variables d+ and 

d- with the environmental damage parameter denv, in order to simulate the evolution of the 

deterioration of the concrete, including environmental attacks: 

  (      )[(    ) ̅  (    ) ̅ ]  (     ) ̅  (     ) ̅  (1) 

where 
  and 

  are the tensile and the compressive components of the effective stress 

tensor and d*
+
 and d*

-
 are the coupled damage parameters.  

In order to partially overcome the mesh dependency associated to the strain softening 

behavior, the softening branch is modified in function of the mesh element size h, both in 

tension and compression. In tension, the evolution of the damage variable d
+
 is assumed 

dependent on a specific fracture energy, defined as the ratio between the fracture energy and 

the element size h. Regarding the compression response, the softening branch, first calibrated 

on the one of CEB-FIP MC 90 [7] law, is amplified with a factor that takes into account the 

relation between the mesh size h and the size of the specimen (l=200mm), used to determine 

the constitutive law [8].  

When corrosion phenomena occur, the steel material becomes rusty and demands a greater 

volume. This volume expansion generates splitting stresses in the concrete around the bars, 

which may crack. The cracked concrete offers lower strength, stiffness and ductility than the 

virgin material. In the numerical analysis, the residual compressive strength fc
’
 of the cracked 

concrete is calculated referring to Coronelli et al.[9] as: 

    
  

    
  

   
⁄

 (2) 

where k is a coefficient (a typical value is 0,1) depending on bar roughness and diameter,     

is the strain at the compressive stress peak fc and    is the average tensile strain in the cracked 

concrete.    depends on     , the average width of cracks in correspondence of each bar (e.g. 
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calculated with the formula proposed by Molina [10]),       the number of bars and the 

original section width   , as follows: 

   
         

  
 (3) 

Due to the development of micro-cracks and cracks the concrete material, especially the 

non-confined concrete cover, becomes weaker and less ductile. For this reason, the following 

equation, that relates the ultimate strain of the deteriorated concrete    
  to the level of 

corrosion, is proposed: 

   
      [   (  

      
 

      

)] 
(4) 

where the level of corrosion is expressed by the ratio between the residual cross section area 

of all the corroded reinforcement bars       
  and the corresponding sound area       ,     is 

the ultimate strain of the sound concrete and f is a coefficient which can be assumed equal to 

2 [8]. 

2.2 Steel material 

The steel material is modelled by means of an elasto-plastic law with linear strain 

hardening and strain limit. Due to corrosion attack, the steel material is transformed in rust. 

Then a reduction of the initial cross section of the reinforcement is observed. In case of 

carbonation attack, this reduction occurs in an uniform way. The remaining cross section A’s 

of each reinforcement bar, is calculated as a function of the corrosion penetration x(t) [mm], 

as follows: 

   ( )  
   (      ( )) 

 
 (5) 

where D0 is the initial diameter of the reinforcement bar, n is equal to 1 if the corrosion 

attacks only from one side, and 2 if it is overall. 

In presence of chloride attack, the corrosion penetration is particularly severe and localized 

in small regions. The so called pitting corrosion leads to a hard reduction of the cross section 

area and represents one of the most severe consequences of corrosion. The accelerated 

corrosion procedure, which is typically applied in the experimental tests, may lead to a 

concomitance between uniform and pitting attack at some points of the bars, i.e. a mixed 

corrosion type. In this case, the residual area of reinforcement can be expressed by help of the 

formula of Rodriguez, able to take into account both the types of corrosion: 

  
 ( )  

 

 
 (    ( ))  (6) 

where p(t) is the pitting attack penetration. 

The corrosion affects also the mechanical properties of reinforcement steel, in particular a 

reduction of the ultimate strain of reinforcement steel has been experimentally observed, 

especially for pitting attack. Since this effect influences the structural ductility of the RC 

beams, it should be considered for numerical simulation. To take into account this 

phenomenon, several relationships have been proposed in literature (e.g. Cairns et al. [11, 12], 

Du [13, 14], Castel et al. [15], Vergani et al.[16], Kobayashi [17]). All the approaches depend 

on empirical coefficients, so an unique definition of the entity of the ductility reduction of the 
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steel has not yet been found. In this paper, the authors refer to the study of Vergani et al. 

[16,18], to evaluate a plausible value of the residual ultimate strain of steel:  

  
   {

                                                             

         
                                     

 
(7) 

where      and     respectively, are the ultimate strain of the corroded steel and of the virgin 

steel,    is a damage index referring to the corrosion penetration. 

Especially for pitting corrosion, the attack locally affects the reinforcement and leads to 

large and highly localized steel strains, so the average strain of the bars is smaller than the 

local strain at the pit. Since the numerical model considers the average strain, the ultimate 

strain     , evaluated with equation (7), may be assumed as an upper limit. 

Finally, in case of pitting corrosion, some authors have pointed out the necessity to 

consider also the reduction of the yielding strength and ultimate strength of the bars. Based on 

results of experimental tests, Du et al. [19] have proposed a linear model to relate the 

remaining ultimate and yielding stress to the level of corrosion: 

   (         )     (8) 

where f’ and    are the ultimate/yielding stress, respectively of the corroded and the non-

corroded bar ,      is the level of corrosion, which is expressed as (       ⁄ ) and   is a 

coefficient which can be estimated as 0,005 to consider the local effects of corrosion. 

2.2 Reinforcement-concrete interface 

The composite interaction between the steel bar and the surrounding concrete is modelled 

with a “damage type” bond- slip law (-s) developed by some of the authors [20]: 

  (       )(   )   ̅                                                   (9) 

where  ̅ is the shear stiffness, d is a damage variable and dbond is the corrosion bond damage 

parameter, for more details see [20].  

In sound conditions, the law is calibrated on the one proposed by CEB-FIP MC 90 [7] and 

dbond is equal to 0. Due to corrosion attack, the bond between concrete and steel bars 

deteriorates, due to various phenomena (e.g. lower level of confinement due to the cracking of 

the concrete cover, bar ribs area decrease). In this case, the dbond parameter varies between 0 

and 1. 

In literature several experimental correlations, between the level of corrosion and the 

ultimate bond strength, may be found, which depend on both the type of testing (pull-out or 

bending tests), the material properties and the geometry of the specimens used (e.g. Lee et al. 

[21], Bhargava et al.[22], Cabrera[23]). 

The ultimate bond strength given by Rodriguez et al.[3], valid for a minimum amount of 

stirrups (      ), is considered here: 

Mean values         ( )             (t) (10) 

where x is the corrosion penetration [mm] and          is the ultimate bond strength [   ]. 
The ratio between the corroded and the sound ultimate bond strengths, defines the coefficient 

of bond corrosion α: 
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(11) 

The α factor is used to scale the non-

corroded  -s law based on the one 

defined by CEB-FIP MC 90 [7](grey 

line of Figure 1). A new τ-s law for 

corroded condition is in this way 

determined (red line of Figure 1) and 

used to calibrate the bond damage and 

the equivalent inelastic parameters of 

numerical damage τ-slip law, [20].  
Figure 1: Tau–slip laws: sound bond and degraded  

3 SOUND BEAMS 

Loaded RC beams may fail by bending or by shear, depending mainly on the amount of 

longitudinal and shear reinforcement and on the shear span value (ratio between the shear 

span length a and the effective beam high d).  

In order to produce a ductile member with plenty of warning of collapse, a flexural failure, 

with yielding of tension reinforcement before crushing of concrete in compression, is 

mandatory, so allowing an extensive cracking and deflection before failure. If a beam is over-

reinforced, it fails by concrete compression before yielding of the tension reinforcement and it 

shows a lower structural ductility. Unlike flexural failure, shear failures are relatively brittle 

and lead to abrupt and dangerous collapse. Therefore the prediction of failure type is a crucial 

issue in analyzing structural response of RC members. 

Corrosion attack may lead to a change of failure mechanism, from a ductile bending type 

to a sudden shear one. Before applying the proposed model for the simulation of the corrosion 

consequences on RC beam performance, the ability of the model to reproduce different types 

of failures in sound conditions, is verified. To this aim, several experimental tested beams are 

simulated and the results are reported in the following.  

All beams are modeled using plane stress elements for concrete and truss elements for steel 

reinforcement. A condition of perfect adherence between the concrete and the steel 

reinforcement is assumed for all sound beams. Due to the symmetry, only half of the beam is 

modelled with the proper boundary conditions.  

3.1 Flexural behaviour of RC beams 

The numerical model is first validated referring to the experimental data of Leonhardt et 

al.[1]. The studied beams have the same cross section and reinforcement bars, but different 

shear spans. The beams have been tested under symmetrical two points loading During the 

tests the load and the midspan deflection have been measured. As an example, the 

experimental results of the beam T9 are considered. The shear span ratio (a/d) of T9 beam is 

7, so it is characterized in the Kani’s valley [24] by a bending failure. The geometry of the 

beam and the material properties adopted in the numerical analysis are reported respectively 

in Figure 2 and in Table 1 
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Table 1: Material properties of T9 beam 

Material Ec[MPa] Rck,m
*
[MPa] ft[MPa] Gf[N/m] Material Es[MPa] fy[MPa] b

**
[-] 

Concrete 26840 38,8 3,0 70 Steel 208000 470 0,015 
*Average value of the Rck reported in [1] for the T9-1 and T9-2 experimentally tested 

**Hardening modulus of the steel material   

 

 

Figure 2: Geometry of  beam T9 [mm] 

The comparison between the numerical and experimental results is presented in Figure 3 in 

terms of load-midspan deflection curve. The available experimental data are reported with the 

grey dots while the dashed grey line represents the experimental ultimate load. It is worth 

noting that the ultimate displacement of the beam is not provided. The numerical analysis 

(blue line) captures well the initial stiffness, the ultimate load and also the failure mode 

Actually the beam fails by crushing of the compressive concrete in the upper zone, before the 

tensile bars reached the yield stress (Figure 4). The numerical analysis evidences the 

occurrence of flexural vertical cracks which develop from the bottom to the neutral axis of the 

beam. Only near failure, shear diagonal cracks develop in the zone next to the load. The same 

response has been found by Leonhardt and reported in the experimental crack pattern [1]. 

 

Figure 3: Load-midspan deflection of T9 beam 

 

 

Figure 4: Tensile (d
+
) and compressive (d

-
) 

damage contours for T9 beam at failure 

 

3.2 Shear behaviour of RC beams 

Bresler et al. [2] have made an extensive experimental campaign in order to investigate the 

shear behavior of specially designed series of 12 beams, characterized by normal to low 

percentages of web reinforcement and normal to high shear span ratios (a/d). All beams had 

rectangular cross section and the same nominal over-all depth of about 56cm, but different 

amount of stirrups, number of tensile bars, shear spans and concrete strengths. The beams 
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have been subjected to a single center-point load at midspan. In order to prevent bond failures, 

the tensile bars have been anchored with thick steel plates at the ends of the beams. In this  

paper, the beams of the OA series are analysed. These beams have been made without stirrups 

and with a/d=4-7. For each series, three specimens with different geometry have been tested 

and the load-deflection curve has been reported. For sake of brevity, only the results of the 

OA-2 beam (a/d=4,9) are presented, for which Bresler et al. [2] have also reported the crack 

pattern. The geometry of the beam and the mechanical properties of the materials are reported 

respectively in Figure 5 and Table 2 .  

The numerical results (blue line),reproduce well the ultimate displacement, the stiffness 

and the ultimate load found in the experimental test (grey lines), see Figure 6. Moreover the 

model captures also the failure mode. As reported by Bresler et al., in beams wherein shear 

effects are significant, diagonal cracks formed due to "diagonal tension" resulting from a 

combination of shearing and flexural tension stresses. In these beams, firstly the development 

of flexural vertical cracks of minor entity can be observed, then a "critical diagonal crack” 

appears and leads to the final failure of the beam. As shown by Figure 7, the positive damage 

map (tensile damage) is in good agreement with the experimental crack pattern. 

Table 2: Material properties of OA-2 beam 

Material fcm[MPa] Ec[MPa] ft[MPa] Gf[N/m] Material Es[MPa] fy[MPa] b[-] 

Concrete 23,7 23027 4,34 70 Steel 218000 555 0,015 

  

Figure 5: Geometry properties of OA-2 beam [mm]
 

Figure 6: Load-midspan deflection of OA-2 beam 

 

Figure 7: Tensile (d
+
) and compressive (d

-
) 

damage contours for OA-2 beam at failure 
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4 CORRODED RC BEAMS 

Corrosion of steel reinforcement may lead to a severe reduction of the load carrying 

capacity and of the structural ductility of RC beams. As an example, the experimental tests 

made by Rodriguez et al. [3,4] have showed a decrease up to 50% of the ultimate bending 

moment and of the ultimate displacement. 

4.1 Experimental tests 

Rodriguez et al. [3,4] have studied RC beams, loaded in four-point bending, with different 

ratio of reinforcement and stirrups spans and subjected to different levels of corrosion. During 

the tests, the midspan deflection and the load have been measured. In this way, the effects of 

corrosion on the structural behaviour, in terms of both load-deflection response and failure 

mode, have been evaluated. Firstly, beams type 11 are analysed, Figure 8. These beams have 

the lower ratio of tensile reinforcement, equal to 0,52% and the higher spacing of shear 

reinforcement, 170mm. Then, beams type 31, Figure 8, with higher ratio of tensile 

reinforcement (1,5%) and lower spacing of stirrups (85mm), are simulated. 

 

Figure 8: Geometry properties of beams type 11 and 31 [mm]
 

4.2 Numerical simulations 

The sound beams n°11-2 and n°31-1 have experimentally exhibited a bending failure by 

crushing of the compressive cover concrete long after that the tensile reinforcement have 

reached the yielding stress. The same behaviour is found in the numerical analysis, as 

evidenced by the load-deflection curves of Figure 9 and Figure 10 and by the damage maps, 

Figure 11 and Figure 12. The initial slope of the numerical curves (blue lines) differs from the 

experimental results, probably due to a pre-cracking of the sound beams before the test 

started.  

A flexural failure is exhibited also by the beam n°11-4, characterized by a low value of 

corrosion penetration (Figure 9 and Figure 14). In this beam, a premature crushing of the 

compressive concrete cover is observed than the beam n°11-2: indeed the failure occurs for a 

value of strain slightly greater than the strain at tensile failure of the bars reported by 

Rodriguez (εs=1%). For the beam n°11-4, some preliminary analyses considering the 

influence of a degraded Tau-slip law are also presented (green dashed line of Figure 13) and 

compared with the case of perfect adherence (blue line). As shown in the figure, the degraded 

bond law does neither influence the load carrying capacity nor the ductility of the corroded 

beam. 

 

85 
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Figure 9: Load-midspan curves of beams 11 

 
Figure 10: Load-midspan curves of beams 31 

  

 

 
Figure 11: Tensile (d

+
) and compressive (d

-
) damage 

contours for beam n°11-2 at failure 

 

 
Figure 12: Tensile (d

+
) and compressive (d

-
) 

damage contours for beam 31-1 at failure 

Finally, in case of high levels of corrosion penetration (beam n°11-3), Rodriguez et al. 

have observed that a failure in the tensile bars at pits occurred. It is worth noting that the beam 

n°11-3 is simulated also in order to verify the strain in the tensile bars, at which the failure 

occurs. The results are shown in Figure 15 and Figure 16. By assuming the ultimate strain ε’s 

calculated with the equation (7), i.e. ε’s=3,0%, (green line in the Figure 15), a slightly higher 

ultimate displacement than the experimental one is found. This overestimation is due to the 

fact that the equation (7) provides a value corresponding to a local reduction of ductility, 

while in the numerical analysis an average strain has to be used. As an example Figure 15 

shows also the curve obtained with a lower value of      (blue line). Some more analyses are 

needed to understand such an aspect, also considering that there are a number of equations 

proposed for calculating the residual ultimate strain. 

 

Figure 13: Load-midspan deflection of beam 11-4 

 

Figure 14: Tensile (d
+
) and compressive (d

-
) 

damage contours for beam 11-4 at failure 
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Figure 15: Load-midspan deflection of beam n°11-3 

 
Figure 16: Tensile (d

+
) and compressive (d

-
) 

damage contours for beam n°11-3 at failure 

 

The corroded beam n°31-4 has been subjected to an average level of corrosion and it has 

shown a behaviour similar to the one of the sound beams. However, due to the corrosion in 

the compressive bars, the top concrete cover presented a severe level of degradation. The 

failure by concrete crushing has happened for lower deflection than those of non-corroded 

beams, before that the tensile bars have reached the yielding point (see Figure 10 and Figure 

17). 

The beam n°31-5 is characterized by the highest level of corrosion, in particular the pitting 

corrosion penetration on the stirrups is extremely severe: 5mm on 6mm of the stirrups 

diameter. Mainly due to this reason, the beam has failed by shear. The numerical model 

captures well the change of the failure mode: Figure 10 shows a brittle response of the beam 

and in Figure 18 the tensile damage map evidences the development of diagonal cracks. 

Finally, in Figure 19, a comparison between the principal strains of the beam n°31-4 and 

n°31-5 is presented. For beam n° 31-5, the principal strains are disposed along the S-shaped 

path, typical of the shear failure. 

 

 

Figure 17: Tensile (d
+
) and compressive (d

-
) damage contours for beam 31-4 at failure 

 

 

Figure 18: Tensile (d
+
) and compressive (d

-
) damage contours for beam 31-5 at failure 
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Figure 19: Principal strains of beam 314 and beam 31-5 at failure 

As regard the effect of corrosion on the interface between concrete and steel, for the 

corroded beams type 31, no influence of the bond degradation is detected by the numerical 

analysis. Due to the higher ratio of reinforcement, this type of beams does not show the 

influence of the loss of interaction between the concrete and the steel bars, for more details 

see [8]. 

5 CONCLUSIONS 

The proposed model has demonstrated to be able to reproduce the failure modes (i.e. 

flexural as well as shear one) both for a number of sound beams and for corroded beams at 

different levels of degradation. In detail, all the main local effects of corrosion are taken into 

account and their consequences on the structural response of the beams are evaluated: e.g. 

reduction of steel reinforcement cross section and mechanical properties, due to uniform and 

pitting corrosion; cracking and spalling of the concrete cover, by reducing the compressive 

strength and the ductility of the concrete; and bond degradation. 

A first series of experimental tests on sound beams are presented and numerically 

simulated, so demonstrating the potentiality of the model in reproducing failure behavior. 

Then, concerning the mode of failure of corroded beams, two series of test are presented: 

 beams type 11, with low reinforcement ratio of both tensile and stirrups reinforcement, 

which have failed by bending in the tensile reinforcement, with a ductile behavior;  

 beams type 31, with high level of reinforcement, which have showed the crushing of 

the concrete before the yielding of the bars up to a shear failure, occurring for beam 

n°31-5 with the higher level of corrosion.  

For both types of beams, the numerical analyses provide results in good agreement with 

the experimental ones. 
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