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Abstract: Reinforcement corrosion due to chloride ingress or carbonation is an important 

deterioration mechanism, which may compromise the service life of reinforced concrete structures. 

This paper presents an efficient macro-scale model, aiming to capture the most important aspects of 

the deterioration of reinforced concrete structures due to reinforcement corrosion. A chemo-

mechanical model covers the initiation and propagation of chlorides using a 1D time-dependent 

model. This model is combined with the nonlinear modeling of cracking, bond failure, and 

reinforcement yielding. These models are implemented in the ATENA software and have been 

previously proven to provide a reliable prediction of structural performance deterioration. An 

example of an application from the consultancy practice is presented in the paper. 
 

 

1 INTRODUCTION 

Structures operating close to their limit 

states, or those with complex loading and 

environmental histories, often present 

challenges that traditional linear-elastic finite 

element (FE) analysis cannot adequately 

address. These methods often fall short when 

dealing with the nonlinear material behavior 

and complex interactions present in aging or 

damaged infrastructure. In such cases, 

nonlinear FE simulation can provide additional 

perspective to the problem as it can 

realistically simulate the actual structural 

response. Advanced numerical tools can 

simultaneously account for multiple 

interacting phenomena in concrete, such as 

thermal loading, concrete creep, and 

shrinkage, or even the progressive degradation 

due to chloride ingress and subsequent 

reinforcement corrosion.  

The application of the finite element 

method (FEM) for the nonlinear analysis of 

reinforced concrete structures was pioneered 

in the 1970s through groundbreaking studies 

by Ngo and Scordelis [1], Rashid [2], and 

Červenka and Gerstle [3] During the following 

decades, numerous material models for 

reinforced concrete were developed, including 

notable contributions by Suidan and 

Schnobrich [4], Lin and Scordelis [5], De 

Borst [6], Rots and Blaauwendraad [7] 

Pramono and Willam [8], Etse [9] Lee and 

Fenves [10], and Červenka [11],[12]. These 

models are typically implemented in finite 

element software, where a concrete material 

model is assigned to each integration point to 

evaluate internal forces. To address mesh size 

dependency and mitigate spurious zero energy 

dissipation as element sizes approach zero, the 

crack band method introduced by Bažant and 

Oh [13] is frequently employed. 

This paper shows an efficient approach for 

simulating the impact of chloride-induced 

reinforcement on the mechanical performance 

of reinforced concrete structures. It uses 

chloride diffusion and reinforcement corrosion 

models to simulate the chloride attack. 

Additionally, the adopted chloride diffusion 
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model can consider the impact of mechanical 

cracks on the acceleration of the chloride 

penetration into the concrete cover. The 

deterioration modeling is coupled with a 

nonlinear finite element (FE) solver, where the 

reinforcement cross-section area is 

automatically reduced based on the corrosion 

degree. In doing so, the long-term structural 

degradation can be predicted, including its 

impact on the reduction of the load-bearing 

capacity. 

The proposed modeling method enables 

proactive maintenance and repair strategies, 

thus optimizing structural lifespan, enhancing 

safety, and reducing both economic and 

ecological burdens. An example of an 

application from a consultancy practice is 

shown. It represents a reinforced concrete 

bridge structure where considerable cracks 

formed soon after construction. The goal of the 

numerical simulation was to first explain the 

origin of crack formation and, second, to 

predict how they impact the load-bearing 

capacity in the long term. 

2 MODEL DESCRIPTION 

2.1 Nonlinear modeling 

Nonlinear simulations require accurate 

material models that are capable of 

realistically simulating the actual material 

response. The fracture-plastic model of 

Červenka et al. [11], [12] implemented in the 

ATENA software [14] is used in this study. It 

decomposes its nonlinear behavior in tension 

and compression. 

Once the tensile strength is exceeded, the 

softening is controlled by the amount of the 

fracture energy dissipated in the cracking 

process as shown in Figure 1. The smeared 

crack approach with a crack band is applied. 

Furthermore, crack spacing limiters can be 

defined allowing an increase in the size of the 

finite elements and thus the computational 

efficiency can be achieved even for large 

structures, typical in engineering practice. 

The compressive response uses a plasticity 

approach with the Menetrey & Willam failure 

criterion [15] shown in Figure 2. Hardening 

occurs after reaching the crushing stress, 

followed by linear softening after the 

compressive strength peak, both depicted in 

Figure 3. 

 

 
Figure 1: Crack opening law controlling the softening 

in the tensile branch of the material model.  

 
Figure 2: Menetrey & Willam failure criterion. 

  

Figure 3: Pre-peak hardening and post-peak 
softening laws in the compression branch of the 

material model. 

The final set of nonlinear equations is 

solved in an iterative manner using well-

known approaches, such as the Newton-

Raphson or Arc-Length methods. 

2.2 Analysed structure and materials 

The structure subjected to the analysis is a 

reinforced concrete bridge with a span of  

15.3 m that supports an overpass ramp at a 

highway junction. The structure consists of an 

abutment subjected to earth pressure and a top 

deck supporting the highway ramp. The 



J. Červenka, J. Rymeš, M. Ahmad, and L. Jendele 

 3 

thickness of the abutment wall is 750 mm and 

the thickness of the slab varies from 910 mm 

at the abutment wall to 510 mm at the mid-

span. The geometry of the model is shown in 

Figure 4. 

After construction completion, considerable 

cracks were observed in the bridge deck. 

These cracks cannot be explained by the acting 

mechanical loads. Although the cracking 

seemed stabilized, it was necessary to explain 

their origin to rule out or estimate their further 

growth. Furthermore, the crack's presence 

necessarily affects the durability of the 

structure thus there was a need for a long-term 

performance assessment. 

The estimated concrete compressive 

strength was 30 MPa, which was used to 

derive the parameters of the nonlinear material 

model summarized in Table 1.  

For the assessment of the long-term 

structural performance, creep and shrinkage 

were calculated according to Bažant’s B3 

model [16] and the resulting initial strain as 

well as the evolution of the material 

parameters were applied in the numerical 

model. The important parameters of the B3 

model are given in Table 2.  

Reinforcement bars present in the structure 

were using the discrete bar model according to  

their exact geometry and location. The 

embedded reinforcement approach with 1D 

truss elements was used as shown in Figure 5. 

The bar size varied from M15 to M35. The 

reinforcement material parameters are shown 

in Table 3.  

 

 

Table 1: Parameters of the concrete material model. 

compressive strength fc [MPa] -30.0 

Young’s modulus E [GPa] 25.6 

tensile strength ft [MPa] 2.2 

fracture energy Gf [N/m] 70 

onset of crushing fc0 [MPa] -4.4 

plastic strain at the compressive 

strength 

εcp [-] -0.0013 

maximum compressive displacement wd [mm] -0.5 

Table 2: Parameters of the B3 creep model. 

humidity h [-] 0.70 

concrete density ρ [kg/m3] 2447 

ACI concrete type - normal 

water-to-cement ratio w/c [-] 0.40 

aggregate-to-cement ratio a/c [-] 4.0 

type of curing - air 

end of curing [day] 4.0 

max. compressive displacement wd [mm] -0.5 

Table 3: Material parameters used for the discrete 

reinforcement. 

Young’s modulus E [GPa] 25.6 

yield strength fy [MPa] 360 

ultimate strength fu [MPa] 374 

ultimate strain εu [-] 0.0045 

2.3 Loads 

 Multiple loading combinations were 

investigated for the overall assessment. In this 

paper, we present the results of the 

serviceability state check. The load cases 

include self-weight, live loads, earth pressure 

on the abutment walls, thermal loading, creep, 

shrinkage, and chloride attack.  

 
Figure 4: Geometry of the analyzed structure.  
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Unlike in a linear-elastic simulation, where 

a combined effect of multiple load cases can 

be obtained through their superpositioning, in 

the nonlinear analysis, these load cases are 

prescribed subsequently (or concurrently) 

according to the actual loading history.  

The simulation includes the construction 

stage simulating the unmoulding (i.e., 

application of the deck’s self-weight) together 

with thermal loading that was applied on the 

bridge deck to induce differential volumetric 

strain between the deck and the abutment 

walls. It was applied as an initial strain with a 

value corresponding to the cooling from the 

maximum temperature reached during the 

hydration of the fresh concrete. 

After the thermal loading, additional dead 

loads were prescribed to simulate the complete 

construction process. After that, creep, drying 

shrinkage and chloride attack were simulated 

with a duration of 75 years. 

2.4 Modelling of chloride attack 

The cracks presented in the structure may 

compromise the durability of the structure as 

they accelerate the external deterioration 

mechanisms. Therefore, a durability study was 

conducted simulating a long-term chloride 

attack. This is done using a coupled mechano-

chemical model, which is schematically 

depicted in Figure 6. 

 

 
Figure 5: Layout of the discrete reinforcement bars in the model. 

Stress, strain, damage

Crack width

Chloride diffusion model

Load bearing capacity

FAST 1D MODEL FOR AFFECTED 
SURFACES

Reinforcement corrosion model

duration of 
deterioration 
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FULL 3D FE MODEL
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Figure 6: Schematic illustration of how the 1D chloride diffusion and corrosion models are coupled with the 3D 

FE solver. 
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Figure 7: Schematic illustration of how mechanical 

crack accelerates the chloride penetration and thus the 
corrosion process.  

The chloride-induced corrosion model 

involves two phases: induction and 

propagation. The induction phase describes 

chloride penetration into the concrete cover, 

often modeled as a diffusion process [17]. The 

diffusion rate is affected by the material 

characteristics, namely the diffusion 

coefficient and chloride binding ability, and 

the exposure conditions such as the boundary 

chloride content. Furthermore, the chloride 

diffusion is accelerated by the presence of 

mechanical cracks. This is shown in the 

schematics in Figure 7. 

Once chloride concentration at the 

reinforcement reaches a critical level, the 

propagation phase begins, and the 

reinforcement cross-section area is 

automatically reduced within the solution loop. 

In the solution of the mechanical problem, 

only the uncorroded reinforcement area is 

assumed to carry stress. 

The corrosion rate of reinforcement steel is 

influenced by several key factors, including 

the chloride concentration, temperature, 

duration of corrosion, and the pitting factor. In 

the mechanical analysis, the expansion of 

corrosion products and the resulting pressure 

within the concrete cover are not explicitly 

considered. Instead, the moment of concrete 

spalling is estimated using an empirical 

relationship that incorporates the tensile 

strength of the concrete and the initial 

diameter of the reinforcement. Once spalling 

of the concrete cover is assumed to have 

occurred, the corrosion rate of the 

reinforcement becomes dependent on the 

environmental and exposure conditions at the 

site. 

 

Table 4: Parameters used for simulation of the 

chloride attack. 

cement content [kg/m3] 25.6 

cement type [-] CEM I 

decay rate (i.e., age factor) [-] 0.37 

mean diffusion coefficient [m2/s] 1.85×10-12 

reference diffusion coefficient [m2/s] 1.16×10-12 

reference time for diffusion coefficient [year] 20 

boundary chloride content [% in cement] 0.5 

critical chloride concentration [%] 0.4 

pitting factor [-] 3 

corrosion rate after spalling [mm/year] 0.0375 

It is noteworthy that the mechanical 

problem is addressed using the finite element 

(FE) method as a fully three-dimensional (3D) 

analysis, capturing the complexities of the 

structural response. In contrast, the chloride 

diffusion process is simplified by modeling it 

as a one-dimensional (1D) problem, which is 

applied exclusively to the surfaces exposed to 

chloride concentration. This simplification 

ensures computational efficiency without 

compromising the accuracy of results for 

practical purposes. At each time step of the 

solution, the chloride concentration is directly 

computed using a closed-form solution to the 

1D diffusion equation, which makes the 

approach not only robust but also highly 

applicable to engineering practice. This 

methodology allows for a streamlined yet 

effective evaluation of the coupled processes 

of corrosion and structural performance in 

reinforced concrete systems. 

Further details regarding the model, 

including its development and validation, can 

be found in reference [18]. The input data for 

the model were primarily derived from the 

DuraCrete reports [17]. This document 

provides extensive guidelines and 

recommendations, and from experimental 

measurements conducted by RISE [19]. A 

summary of these input data, along with key 

parameters and assumptions, is presented in 

Table 4 for clarity and reference. The 

robustness and applicability of the proposed 

model have been demonstrated in various 

scenarios, with additional examples and case 

studies available in the literature, specifically 
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in references [20],[21],[22]. These studies 

highlight the versatility and reliability of the 

model in addressing a wide range of 

engineering challenges. 

3 RESULTS 

Figure 8 shows the crack pattern and crack 

width at the bottom surface of the bridge deck. 

These results are given at the solution step that 

corresponds opening of the bridge for 

operation. The applied loads include both 

characteristic dead and live loads. 

Furthermore, thermal strains were applied 

during the construction phase to simulate the 

cooling of the deck from the elevated 

temperature during the concrete hydration. 

From Figure 8, it can be observed that there 

are multiple cracks with a width exceeding 1 

mm. To predict, how these cracks will impact 

the chloride penetration, the chloride attack 

was simulated using the approach described 

earlier. Furthermore, together with the chloride 

diffusion simulation, the concrete creep and 

drying shrinkage were modeled using the B3 

model [16]. The results after a 75-year-long 

chloride attack are shown in Figure 9 in terms 

of crack pattern and width, chloride content at 

the concrete cover, and reinforcement 

corrosion.  

The results predict that the maximum 

chloride concentration will exceed 0.5 % and 

more than 40 % of the original reinforcement 

cross-section area will be lost due to corrosion 

at the most affected regions of the deck. 

Furthermore, due to the combined effect of 

creep, shrinkage, and reinforcement corrosion, 

further crack growth is predicted during this 

period at the bottom surface of the deck. 

4 CONCLUSIONS 

This paper presents an efficient numerical 

framework for simulation of the chloride-

induced reinforcement corrosion on 

reinforcement concrete structures. The 

simulation approach combines the 1D chloride 

diffusion and corrosion models with full 3D 

finite element simulation. The chloride 

diffusion model accounts for the presence of 

mechanical cracks, accelerating the diffusion 

process. The adopted model allows a realistic 

estimation of the deterioration effects on the 

structural scale while preserving excellent 

computational efficiency. 

An application example is then shown in 

the paper. It presents a reinforced concrete 

bridge where considerable cracks formed in 

the deck just after finishing the construction. 

The numerical simulation reproduced the 

cracks and further predicted the corrosion 

process and crack propagation during a 75-

year-long chloride attack.  

 
Figure 8: Numerical results at the bottom surface of the bridge deck after finishing the construction process: 

(top) Crack pattern, and (bottom) crack width. The crack pattern displays only cracks wider than 0.25 mm. 
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