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Although many models for service life predictions have been developed, their application to existing bridges is still not at a satisfactory level. The here presented coupled three-dimensional chemo-hygro-thermo-mechanical (CHTM) model can realistically simulate both corrosion phases: initiation and propagation. The focus of this research is the transport processes in cracked and uncracked concrete before reinforcement depassivation. Realistic environmental conditions with the surface water and chloride contents variable in time are simulated based on the meteorological data for a mountain region in Croatia where case studies bridges are located. Application of the large quantities of de-icing salts in combination with the poorly designed and executed details resulted in a high chloride content in concrete of the superstructure of both bridges: at the reinforcement level, chloride content in cracked concrete elements exceeds the threshold value up to 10 times. Numerical results match well with the chloride content measured on the bridges after 11 and 14 years of service. Accounting for the realistic environmental conditions (wetting–drying cycles, application of de-icing salts only in the winter season, etc.) in the numerical simulations results in the continuous transport processes in concrete and higher chloride content in deeper concrete layers as opposed to the finite element models with the constant boundary conditions.
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INTRODUCTION

Failure or even collapse of a bridge causes not only high direct and indirect costs, but sometimes, unfortunately, also human lives. In order to avoid tragedies such as the collapse of the Morandi Bridge in Genoa, Italy, where 43 people were killed (Calvi et al., 2018), regular maintenance and sustainable bridge management are required. As required financial investments are much higher than the available budget in any bridge management system worldwide, it is necessary to develop ranking and prioritizing methods for bridge maintenance at a network level. Besides assessment of the current conditions of the structures, in an efficient and effective bridge management system, it is important to predict their future deterioration and remaining service life using numerical models. Most bridges worldwide are made of concrete and exposed to de-icing salts and/or maritime environment. The main degradation process of those structures is chloride-induced corrosion of steel reinforcement in concrete. Once the threshold chloride content in concrete reaches the reinforcement level, reinforcement depassivation occurs, and electrochemical processes of active corrosion start. Consequences of reinforcement corrosion, e.g., reduction of reinforcement cross-sectional area, a decrease of rebars ductility, local concrete strength reduction, degradation of concrete cover, cover spalling, and loss of steel–concrete bond strength, have an impact on structure reliability by decreasing of load-bearing capacity and changing stiffness. Hence, it is important to consider structural consequences of reinforcement corrosion in the assessment of the time-variant structural safety (Castaldo et al., 2017). However, by including degradation models in probabilistic analysis of structure reliability, high level of uncertainties in knowledge on parameters and processes and their accumulation in complex degradation of structures such as chloride-induced reinforcement corrosion result in low reliability (e.g., high probability of depassivation; Zambon et al., 2019). In other words, to achieve real structure reliability, it is necessary to reduce uncertainties in material properties as well as in electrochemical and mechanical processes by application of more comprehensive models and their verification on existing structures.

Many chloride ingress models for service life prediction of structures have been developed in the last four decades with different levels of complexity and comprehensiveness using various calculation methods. Most of chloride ingress models are based on the Fick’s law and are applicable only in uncracked concrete including one-dimensional (1D) domain where only chloride diffusion through concrete is considered as a dominant transport process, e.g., Duracrete, Life365, the fib model code (MC) 2010 (Muthena et al., 2000; Life 365, 2005; Fib, 2013; Alexander and Beushausen, 2019). To achieve more realistic numerical simulation, it is necessary to include the impact of cracks and damage, which used to be present in concrete of real structure due to shrinkage, thermal effects, loading, etc. This improvement has been made in several models, and it has been found that cracks in concrete significantly reduced depassivation time (Djerbi et al., 2008; Ožbolt et al., 2010; Jang et al., 2011; Šavija and Schlangen, 2011; Bentz et al., 2013; Gu et al., 2015; Hájková et al., 2018; Shayanfar et al., 2020; Imounga et al., 2020; Kušter Marić et al., 2020). In damaged concrete, chlorides penetrate quickly in crack, but with time increase, chloride penetrates also in region between cracks; hence, it is important to include 2D or 3D finite element (FE) model. Additional improvements of numerical model can be made by (i) taking into account chloride binding, because only free chlorides are responsible for steel reinforcement depassivation (Nilsson, 2001; Ožbolt et al., 2010). Moreover, the most vulnerable concrete elements exposed to chlorides are subjected to frequent changes of water content; hence, for realistic simulation, it is important to include several transport processes in concrete, e.g., water diffusion, chloride diffusion, and convection and wetting–drying cycles.

Although there are several model applications on existing bridges (Stipanović et al., 2010; Nguyen et al., 2017; Tesfamariam et al., 2018; Kušter Marić et al., 2020), there is still a big challenge to include service life prediction in bridge management worldwide due to complexity of transport and corrosion processes in reinforced concrete structures, but also due to difficulty in quantifying material-, mechanical-, and corrosion-related parameters and their interaction. Namely, in order to realistically predict corrosion-induced damage of concrete structures, more sophisticated models based on the theory of transport processes and electrochemistry need to be developed and applied on existing structures for their verification.

Several chloride ingress models include wetting–drying cycles and concrete cracking (Ožbolt et al., 2010; Ye et al., 2012; Zanden et al., 2015; Ožbolt et al., 2016b; Wang et al., 2018); however, according to available literature, so far none of them is applied on existing concrete bridge exposed to de-icing salts and compared with measured results.

A coupled 3D chemo-hygro-thermo-mechanical (CHTM) model that is capable of realistically simulating both corrosion phases—initiation and propagation—is briefly presented at the beginning of the article. The model is applied to several FE simulations with a focus on the initiation part of reinforcement corrosion in concrete. In the first study, realistic environmental conditions with the surface water and chloride contents variable in time are simulated, based on the meteorological data for a mountain region, on the FE models with cracked and uncracked concrete. The FE models with variable boundary surface water and chloride content and with wetting–drying cycles are compared with the FE models with the constant boundary conditions and without wetting–drying cycles. Then the FE models with the variable boundary conditions and wetting–drying cycles are applied to a case study—twin concrete bridges exposed to de-icing salts. Numerical and measured values of the chloride content in concrete are compared and causes of chloride-induced deterioration of structures are analyzed.



CHEMO-HYGRO-THERMO-MECHANICAL MODEL

The 3D CHTM model is a coupled physical model that simulates mechanical, transport, and corrosion processes before and after depassivation of steel reinforcement in concrete in real environmental conditions, but also accelerated corrosion in laboratory (Ožbolt et al., 2010, 2011, 2012, 2013, 2016a, 2016b, 2017a,b; Sola et al., 2016). The model includes the following physical, electrochemical, and mechanical processes: (i) transport of capillary water, heat, oxygen, and chloride through the concrete cover; (ii) immobilization of chloride in the concrete; (iii) cathodic and anodic polarization; (iv) transport of OH– ions through electrolyte in concrete pores; (v) oxygen consumption on steel surface due to cathodic and anodic reaction; (vi) distribution of electrical potential and current density; (vii) transport of corrosion products in concrete and cracks; and (viii) concrete cracking due to mechanical and non-mechanical actions.

The model is implemented into the 3D FE code, and according to the available literature, it is one of the most comprehensive models containing all the following features (Kušter Marić et al., 2018):


•Geometry of a structure and position of reinforcement bars can be optionally modeled in 3D spatial domain.

•The mechanical part of the model, based on the microplane model, is able to realistically simulate behavior of a structure under different types of loading: static, dynamic, cyclic, and impact loading (Ožbolt et al., 2001).

•Both phases of reinforcement corrosion, initiation, and propagation are included.

•The model can simulate non-mechanical and mechanical processes and their interaction before and after depassivation of steel reinforcement.

•Influence of concrete damage (e.g., cracks, voids, layering) on transport and corrosion processes is taken into account by employing concrete diffusivity as a function of crack width based on the experimental results on concrete permeability (Ožbolt et al., 2010).

•Transport processes are modeled to simulate both natural environment (chlorides from a sea or de-icing salts) and laboratory conditions of accelerated corrosion (Sola et al., 2016).

•Chloride and water ingress in concrete are simulated by taking into account wetting–drying cycles and hysteresis, while boundary conditions can vary in time (Ožbolt et al., 2016b).



The transport processes before depassivation of steel reinforcement are analyzed in this research. The novelty in the subsequently improved 3D CHTM model, first presented in this article, is the application of transport model with wetting–drying cycles in cracked concrete, including arbitrary widths and shapes of cracks. The basic mathematical descriptions are given here, whereas more details can be found in literature (Ožbolt et al., 2010, 2016b). Because of the complexity of the 3D CHTM model and the size limitation of the article, the propagation phase is not presented here.

The proposed research includes application of the 3D CHTM model on the real structures. Disadvantage of the model is that high-performance computer servers and long computing time are required to solve the system of high non-linear equations of transport and corrosion processes in concrete. Therefore, only small samples of the structure are analyzed with assumed crack geometry, initial, and boundary conditions.


Transport Processes in Concrete Before Depassivation of Steel Reinforcement

Content of capillary water in concrete has significant influence on chloride penetration in concrete and depassivation time. Namely, chlorides penetrate in concrete mainly through diffusion and convection. In saturated concrete, with constant capillary water content in concrete, slower chloride diffusion is dominant process, whereas faster convection is dominant in non-saturated concrete with included wetting–drying cycles.


Hysteretic Moisture Transport

Moisture content in concrete depends on its environment: air relative humidity, exposure to precipitation, and bodies of water (sea, river, and lake), etc. Concrete is porous material, and moisture content may differ for the same relative humidity and temperature. Namely, there are different curves that relate the relative humidity and water in concrete pores during wetting (adsorption) and drying (desorption) at a constant temperature. The hysteretic moisture behavior of concrete is described by two isotherms: desorption curve above and the adsorption isotherm below; i.e., the hysteresis loops are observed during wetting and drying cycles (Ožbolt et al., 2016b).

Wetting and drying cycles are modeled assuming that concrete is exposed only to changes in relative humidity. The distribution of pore humidity is expressed as (Kwiatkowski et al., 2009; Ožbolt et al., 2016b):
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where h is the relative humidity (dimensionless), t is time (s), ρw is the density of water (kg of water/m3 of water), θw is the volume fraction of pore water (m3 of water/m3 of concrete), δv(h) is the water vapor permeability (s), pv,sat is the water vapor saturation pressure (Pa), and [image: image] is the moisture capacity (derivative of the sorption isotherm).

The sorption curves are chosen from the literature considering corresponding water cement ratios. The main adsorption and desorption isotherms for concrete used in this research (w/c = 0.48) are described by Hansen (1990):
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[image: image]

where ua and ud are the moisture content in concrete (mass percent related to dry mass of concrete) for adsorption and desorption, respectively; θwa and θwd are the volume fractions of water for adsorption and desorption, respectively, and ρcon is the assumed concrete density.

The water content in concrete during wetting–drying cycles, scanning between the main adsorption and desorption isotherms, can be expressed as (Ožbolt et al., 2016b):

[image: image]

in which θw0 is the initial volume fraction of water, and Δh is the difference between humidity at the time j+1 and j at spatial point i, depending on the chosen time step (Ožbolt et al., 2016b).

The hysteresis model included in the 3D CHTM model includes calculation of volume fraction in concrete based on adsorption and desorption curves and the derivative of the sorption isotherm at a given relative humidity. The model is applicable for different types of concrete (c/w) and exposure to different temperatures and relative humidities (Ožbolt et al., 2016b).



Chloride Transport

Transport of chloride ions through a non-saturated concrete is simulated as convection, diffusion, and physically and chemically binding by cement hydration product (Ožbolt et al., 2016b):
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where Cc is the concentration of free chloride dissolved in pore water (kg of free chlorides/m3 of pore solution), T is the temperature (K), Dc(θw,T) is the effective chloride diffusion coefficient (m2/s), Ccb is the concentration of bound chloride (kg of bound chlorides/m3 of concrete), kr is the binding rate coefficient, and α = 0.7 is constant.

Chloride diffusion coefficient is expressed as a function of water content, θw, and concrete temperature, T (Ožbolt et al., 2016b):

[image: image]

where Dc,ref is the reference value of Dc evaluated at standard conditions, hc = 0.75, h(w) expresses dependence of relative humidity on pore water content in concrete according to the adsorption isotherms used in the model (Hansen, 1986), U is the activation energy of the chloride diffusion process (44.6 kJ/mol for w/c = 0.5), R is the universal gas constant [8.31 × 10–3 kJ/(mol ⋅ K)], and Tref = 296 K.



Concrete Temperature Changes

Temperature distribution in concrete is calculated based on the constitutive law for the heat flow and conservation of energy (Ožbolt et al., 2010):
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where λ is the thermal conductivity [W/(m ⋅ K)], c is the heat capacity per unit mass of [J/(K ⋅ kg)], and W is the internal source of heating (W/m3).



Mechanical Processes

The mechanical part of the 3D CHTM model is based on the microplane model for concrete with relaxed kinematic constraint (Ožbolt et al., 2001). In the FE analysis, cracks are treated in a smeared way; i.e., smeared crack approach is employed. To ensure the objectivity of the results with respect to the size of the FEs, the crack band method is used (Bažant and Oh, 1983).

The governing equation for the mechanical behavior of a continuous body in the case of static loading condition is as follows (Ožbolt et al., 2001):

[image: image]

in which Dm is the material stiffness tensor, ρb is the specific volume load, T is the temperature, and u is the displacement field.



Chemo-Hygro-Thermo-Mechanical Coupling


Influence of Cracks on Transport Processes in Concrete

Water and chloride penetration in concrete structures depends on concrete properties and the presence of cracks, cavities, and other damage of concrete (Wong et al., 2010; Wang and Ueda, 2011; Ghasemzadeh and Pour-Ghaz, 2015). In the current version of the 3D CHTM model, the water vapor permeability, δv(h,cw) is employed as a function of crack width:
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where kp is the normalized permeability coefficient, which is obtained by dividing the water permeability coefficient a(cw) of cracked concrete at the crack width cw by permeability of the uncracked concrete, a(cw0). Based on the experimental results for water permeability in cracked and fully saturated concrete (Wang et al., 1997; Aldea et al., 2000), normalized permeability coefficient is calculated as (Ožbolt et al., 2010; Kušter Marić et al., 2020):

[image: image]

Up to a crack width of cw0 = 0.05 mm, the normalized permeability coefficient is the same as for uncracked concrete, and when crack width reaches the threshold value of cwc = 0.20 mm, water permeability of concrete increases up to its maximum value. For wider cracks, the normalized permeability in cracked concrete is assumed to be constant because of numerical and physical reasons (Ožbolt et al., 2010).



Calculation Procedure

The above presented 3D CHTM model is implemented into an FE code. The numerical analysis starts after geometry, initial, and boundary conditions are defined, and FE mesh generated. Each time step includes two parts: (i) transport and corrosion processes and (ii) mechanical processes. The numerical analysis is incremental. In each time or load step, partial differential equations of non-mechanical and mechanical part of the model are solved simultaneously. When the solving non-mechanical part of the problem, mechanical parameters are constant, equal to those from the previous time step, and vice versa. In this research, only transport processes relevant for the initiation stage of corrosion are analyzed. Hence, after material parameters evaluation, distribution of water, temperature, and free and bound chlorides are calculated.



APPLICATION OF THE 3D CHTM MODEL ON THE FINITE ELEMENT MODELS


Finite Element Discretization and Boundary Conditions

The 3D CHTM model is applied for the numerical simulation of chloride ingress in concrete under different exposure to de-icing salts.

The model geometry and FE mesh are shown in Figure 1. Eight-node solid elements are used for concrete and two-node bar elements for reinforcement. In order to ensure numerical stability of strongly non-linear analysis, very fine mesh is used, with FE height varying from 0.1 mm closer to the exposed surface to 1.0 mm in the deeper layer of concrete, whereas width and depth of FEs are constant and equal to 0.5 mm. Concrete cover depth is 30 mm. Time intervals gradually increase from 3,600 s (1 h) up to 2.592 × 106 s (1 month), and 14.5 years of exposure in total is simulated. The model is limited to 3,864 nodes and 1,762 elements in order to achieve total computation time of 24 h on a single processor workstation.


[image: image]

FIGURE 1. Geometry and the finite element discretization of the model (all dimensions are in mm).


Non-linear equations of transport and mechanical processes (1–7) are rewritten into the weak form using Galerkin weighted residual method. The equations are solved iteratively in each time step by employing Newton–Raphson iterative procedure. Because of very high non-linearity in the calculation of transport processes predefined, the maximal number of iterations is 99, whereas for the mechanical part of the model it is 49.

The non-linear FE analyses are carried out by deterministic approach considering mean values of material properties and environmental action. The FE models used to be subjected to model uncertainties; however, it is possible to adopt probability method. Moreover, the probability method, as the unique safety format able to perform reliable structure assessment, is more suitable for such a local model in comparison with other global resistance methods for non-linear FE analysis, e.g., partial factor method, method of estimating the coefficient of variation of the structural resistance (ECOV), global resistance factor, and global safety format (Castaldo et al., 2019).

The material parameters are summarized in Table 1. Mechanical and material properties are based on the measurements carried out on the case studies bridges (IGM, 2018), while properties related to the transport processes in concrete are taken from the relevant literature (Hansen, 1986; Saetta et al., 1993; Bažant and Kaplan, 1996; Akita et al., 1997; Tang and Nilsson, 1997).


TABLE 1. Summary of material parameters for numerical analysis (Page et al., 1981; Saetta et al., 1993; Bažant and Kaplan, 1996; Akita et al., 1997; Tang and Nilsson, 1997; IGM, 2018).

[image: Table 1]The transport processes are analyzed for uncracked and cracked concrete assuming a crack in the middle of the specimen (Figure 1). Parallel-face crack is assumed for four different crack widths, ranging from ≤ 0.05 mm (considered as uncracked concrete) to ≥ 0.20 mm (considered as open crack). Crack width is assumed to be constant over the entire length of the specimen.

Environmental conditions are based on the existing meteorological data for the location of the case studies bridges and change from month to month (Table 2). Numerical simulations are provided taking into account wetting–drying cycles, and three different surface chloride contents are assumed as follows: WD1—low surface chloride content, with the maximum winter value of 9 kg of chlorides per cubic meter of concrete pore solution; WD2—moderate surface chloride content, with the maximum winter value of 12 kg of chlorides per cubic meter of pore solution; and WD3—high surface chloride content, with the maximum winter value of 20 kg of chlorides per cubic meter of pore solution. For the moderate chloride exposure condition (WD2), additional numerical simulations are conducted without simulation of the wetting–drying cycles. For this case, constant boundary condition is assumed, which represents the mean annual values and is marked as noWD2 (Table 2). Initial condition for water is θwi = 0.010 m3 of capillary water per cubic meter of concrete, whereas initial chloride concentration in concrete is Cc = 0.00 kg/m3. Because the exposed surface is relatively small, surface chloride content and relative humidity are uniformly distributed. However, the 3D CHTM model enables non-uniform boundary condition for chloride and water exposure to one or more concrete surfaces.


TABLE 2. Boundary conditions for numerical simulations (DHMZ, 2019).

[image: Table 2]


Impact of Wetting–Drying Cycles on Chloride Content in Concrete

The goal of the first part of the study is comparison of the cases with the moderate surface chloride content with (WD2) and without (noWD2) wetting drying cycles. The case noWD2 has constant boundary values of capillary water, relative humidity, temperature, and surface chloride content, which are calculated as annual mean values of the model WD2.

The distributions of free and bound chlorides in the specimen per month during the 1st and 10th year of moderate chloride exposure are shown for cases with and without wetting–drying cycles and different crack widths (Figures 2–5). The total chloride content from numerical simulations is calculated as percentage of concrete mass:

[image: image]
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FIGURE 2. Distribution of free chlorides (kg/m3 of pore solution) over the length of the concrete specimen per month during the 1st and 10th year of service for the numerical models with wetting–drying cycles and exposure condition WD2 for different crack widths (cw): (A) cw ≤ 0.05 mm, (B) cw = 0.10 mm, (C) cw = 0.15 mm, and (D) cw = 0.20 mm.



[image: image]

FIGURE 3. Distribution of bound chlorides (kg/m3 of concrete over the length of the concrete specimen per month during the 1st and 10th year of service for the numerical models with wetting–drying cycles and exposure condition WD2 for different crack widths (cw): (A) cw ≤ 0.05 mm; (B) cw = 0.10 mm; (C) cw = 0.15 mm, and (D) cw = 0.20 mm.



[image: image]

FIGURE 4. Distribution of free chlorides (kg/m3 of pore solution) over the length of the concrete specimen per month during the 1st and 10th year of service for the numerical models without wetting–drying cycles and exposure condition noWD2 for different crack widths (cw): (A) cw ≤ 0.05 mm, (B) cw = 0.10 mm, (C) cw = 0.15 mm, and (D) cw = 0.20 mm.



[image: image]

FIGURE 5. Distribution of bound chlorides (kg/m3 of concrete) over the length of the concrete specimen per month during the 1st and 10th year of service for the numerical models without wetting–drying cycles and exposure condition noWD2 for different crack widths (cw): (A) cw ≤ 0.05 mm, (B) cw = 0.10 mm, (C) cw = 0.15 mm, and (D) cw = 0.20 mm.


Comparison of total (free + bound) chloride content in concrete after 11 years of exposure to moderate chloride environment for the numerical models with (WD2) and without (noWD2) wetting–drying cycles is shown in Figures 6A–D for different crack widths. In the simplest model, without wetting–drying cycles and crack in concrete, cw ≤ 0.05 mm (Figures 4A, 5A), free and bound chloride contents increase in concrete gradually during the 1st and 10th year of exposure. With increasing crack width, cw ≥ 0.10 mm (Figures 4B–D), deeper penetration and higher content of free and bound chlorides in concrete are observed. During the 10th year of service for the crack width of 0.15 mm (Figures 4C, 5C), maximum free and bound chlorides content is achieved almost throughout the whole specimen. At the same time, for crack width of 0.20 mm, there is no further chloride transport after 11 years of exposure because the maximum values of free and bound chlorides are already achieved through the entire specimen (Figures 4D, 5D). This can be also seen in Figure 6D where the total amount of chlorides is compared for the models with the moderate surface chloride concentration with (WD2) and without (noWD2) wetting–drying cycles after 11 years of exposure. In the numerical simulations with wetting–drying cycles (Table 2 and Figures 2, 3), surface chloride content changes by month with the maximal values during the winter and no de-icing salts during the warm season. As it is also observed for models without wetting–drying cycles (noWD2) with wider cracks chlorides penetrate deeper and with greater content in concrete from December to February, when maximal amounts of de-icing salts are used. However, with higher temperature, usage of de-icing salts decreases, and chlorides in surface layers of concrete are washed out because of exposure to rain. The reduction of chloride content in the surface layers of concrete after the winter season is more pronounced at wider cracks (Figures 2, 3). Concrete depth, at which the chloride content varies according to environmental conditions, is 10 mm for uncracked concrete (cw ≤ 0.05 mm), 15 mm for the crack width of cw = 0.10 mm, 40 mm for the crack width of cw = 0.15, and 90 mm for open crack (cw ≥ 0.20 mm; Figure 6).
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FIGURE 6. Comparison of total (free + bound) chloride content in concrete after 11 years of exposure to moderate aggressive environment for the numerical models with (WD2) and without (noWD2) wetting–drying cycles for different crack widths (cw): (A) cw ≤ 0.05 mm, (B) cw = 0.10 mm, (C) cw = 0.15 mm, (D) cw = 0.20 mm, and (E) chloride content at the reinforcement level as a function of time in uncracked (cw = 0.00 mm) and cracked (cw = 0.20 mm) concrete for the numerical models with (WD2) and without (noWD2) wetting–drying cycles.


Although both cases (WD2 and noWD2) are exposed to the same annual amounts of chlorides and water, inclusion of wetting–drying cycles and assumption of time-variable surface chloride content, using the realistic quantities of de-icing salts, results in much higher total chloride content in concrete. For example, at the average concrete cover depth of 30 to 50 mm, the chloride content with simulated wetting–drying cycles is doubled compared to the chloride content without wetting drying cycles (Figure 6). Moreover, because of the seasonal changes of surface chloride content, transport processes in WD2 models are continuously taking place in the concrete. This is a more realistic simulation in comparison to the models without wetting–drying cycles (noWD2), where in cracked concrete the maximum chloride content is achieved after in the first decade of service.

The Figure 6E shows the time-dependent behavior of the chloride content at reinforcement level (Cc = 30 mm) in uncracked (cw = 0.00 mm) and cracked (cw = 0.20 mm) concrete for the two numerical models with (WD2) and without (noWD2) wetting–drying cycles. Assuming that depassivation of reinforcement occurs at the same time when the chloride concentration in concrete at the rebar level reaches a threshold value of 0.05% by concrete weigh, initiation phase starts already after 3 months of exposure to de-icing salts for cracked concrete with crack width, cw ≥ 0.20 mm, regardless of wetting–drying process inclusion. Although there is a difference between chloride content in cracked concrete for the numerical model WD2 during the winter and summer seasons, the calculated values surpass the threshold value by two to four times. In uncracked concrete, difference in chloride content during cold and warm season is not expressed at a concrete depth of 30 mm. However, there is a significant difference in duration of initiation time regarding to inclusion of wetting–drying processes: depassivation time for the numerical model without wetting–drying cycles is 10 years, whereas if wetting–drying cycles are included, initiation phase ends already after 4 years.



Comparison of Numerical Results and Measurements on the Bridge Exposed to De-Icing Salts


Case Study: Zečeve Drage Viaduct

The Zečeve Drage Viaduct is located on the Zagreb–Rijeka motorway and consists of two twin structures; the right bridge (to Rijeka) is built in 2004, whereas the left bridge (to Zagreb) is completed in 2007 (Figure 7). The viaduct is located in the mountain area characterized by harsh winters with the average annual amount of de-icing salts of 124.24 tons consumed per kilometer of motorway (Kušter Marić et al., 2019).


[image: image]

FIGURE 7. Longitudinal (A) and cross (B) section of the Zečeve Drage Viaduct with the marked locations of measurements taken for determination of the chloride content in concrete; (C) characteristic water leakage along the bridge deck and box girder due to the inadequate joint of the concrete barrier causing reinforcement corrosion on the bridge concrete deck and box girder; (D) damaged expansion joint: corrosion of steel parts and decayed rubber sealing; (E) wide crack at bottom part of the box girder above a bearing; (F) reinforcement corrosion induced cracks on the top of piers.


The horizontal alignment of the viaduct has a curve with a radius of 2,505.10 m. The vertical alignment has a concave curve with a radius of 25,810.00 m, and the longitudinal grade of the road ranges from 4.38 to 0.78%, enabling retention of water contaminated with de-icing salts on the road surface and the superstructure below. The total length of the bridge is 939.23 m, whereas the total width of each superstructure is 12.20 m (IGM, 2018).

The superstructure consists of a continuous pre-stressed concrete box girder with constant height of 4.0 m over 19 spans: 2 × 39.75 + 16 × 49.73 + 39.75 = 914.93 m (Figures 7A,B). Both superstructures were built by incremental launching method. Reinforced concrete piers have a box cross-section with outer dimensions of 6.60 × 3.10 m. The height of the piers varies from 8.72 to 53.04 m.

Both structures deteriorated significantly after 11 and 14 years of service, respectively, because of the combination of the following environmental conditions: (i) high consumption of de-icing salts during winter, (ii) high relative air humidity facilitating the transport and corrosion processes, (iii) numerous freezing—thawing cycles from October till April, and (iv) frequent changes between precipitation and dry weather throughout the year. Some typical damages on bridges are shown in Figures 7C–F. Following structural deficiencies have enhanced the degradation of the bridges, (i) concave vertical alignment enabling water retention on the bridge deck surface, (ii) damaged expansion joints allow water leakage on abutment walls (Figure 7D), (iii) open gap between the concrete barrier and bridge deck through which water leaks along the bridge deck and the box girder (Figure 7C), and (iv) cracks in structural elements up to 1.00 mm wide and 80 mm deep accelerate chloride penetration in concrete.

Chloride content in concrete is measured at different locations on the bridges after 11 (left bridge) and 14 (right bridge) years of service (Figure 7). The total amount of chlorides is determined by the standard laboratory method (potentiometric titration) according the national standard HRN B.C8.020 (IGM, 2018). Concrete samples are taken from minimum three holes at each location and pulverized for chloride determination. For each location, chloride content is determined at the three depths of concrete: (i) 0–20 mm, (ii) 20–40 mm, and (iii) 40–60 mm. The concrete samples are taken from the following elements: (i) web of the box girder, (ii) cantilever part of the bridge deck, (iii) concrete barrier, and (iv) abutments. Each measurement location is marked and labeled in Figure 7. To distinguish the locations on the longitudinal section of the twin structures, symbols for the left structure (to Zagreb) are black, whereas symbols for the right structure are red. For the samples taken from the girder, square symbol is used while the labels start with a “G,” the second letter corresponds to the left (L) or right (R) side of the bridge, whereas the third letter (O) indicates that the sample is taken outside of the box. Lastly, “S” followed by a number indicates the corresponding bridge span. Similar labeling is used for the cantilever part of the bridge deck, except the first letter is “D,” whereas the symbol is a circle. Samples taken from the concrete barrier starts with letter “B”; the second letter refers to the left (L) or right (R) side of a bridge, whereas the third letter indicates upper (U) or bottom (B) part. In this case, a triangle is used as a symbol. Concrete samples are also taken from three locations at the abutments: from the wall (A1-wall) and right wing (A1-R-W) of the first abutment of the left bridge, and left wing of the second abutment of both bridges (A2-L-W).



Results and Discussion

Because in the previous chapter the numerical simulations with included wetting–drying cycles have shown more realistic results, the models without wetting–drying cycles are not included in the following analysis. Three different exposure conditions depending on the surface chloride content (WD1, WD2, and WD3) are analyzed and compared with measured results (Figures 8–13). For each exposure condition, several numerical models with the different crack widths ranging from cw = 0.00 to cw = 0.20 mm are considered.


[image: image]

FIGURE 8. Total (free + bound) chloride content in concrete after 11 years of exposure to low aggressive environment—comparison of the values measured on the Zečeve Drage Viaduct—the left bridge (to Zagreb) and the numerical models (WD1) for different crack widths (cw): (A) cw ≤ 0.05 mm, (B) cw = 0.10 mm, (C) cw = 0.15 mm, and (D) cw = 0.20 mm.
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FIGURE 9. Total (free + bound) chloride content in concrete after 11 years of exposure to moderate aggressive environment—comparison of the values measured on the Zečeve Drage Viaduct—the left bridge (to Zagreb) and the numerical models (WD2) for different crack widths (cw): (A) cw ≤ 0.05 mm, (B) cw = 0.10 mm, and (C) cw = 0.20 mm.
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FIGURE 10. Total (free + bound) chloride content in concrete after 11 years of exposure to high aggressive environment—comparison of the values measured on the Zečeve Drage Viaduct—the left bridge (to Zagreb) and the numerical models (WD3) for different crack widths (cw): (A) cw ≤ 0.05 mm, (B) cw = 0.10 mm, and (C) cw = 0.15 mm.



[image: image]

FIGURE 11. Total (free + bound) chloride content in concrete after 14 years of exposure to low aggressive environment—comparison of the values measured on the Zečeve Drage Viaduct—the right bridge (to Rijeka) and the numerical models (WD1) for different crack widths (cw): (A) cw ≤ 0.05 mm, (B) cw = 0.10 mm, (C) cw = 0.15 mm, and (D) cw = 0.20 mm.
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FIGURE 12. Total (free + bound) chloride content in concrete after 14 years of exposure to moderate aggressive environment—comparison of the values measured on the Zečeve Drage Viaduct—the right bridge (to Rijeka) and the numerical models (WD2) for different crack widths (cw): (A) cw ≤ 0.05 mm, (B) cw = 0.10 mm, (C) cw = 0.15 mm, and (D) cw = 0.20 mm.
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FIGURE 13. Total (free + bound) chloride content in concrete after 14 years of exposure to high aggressive environment—comparison of the values measured on the Zečeve Drage Viaduct—the right bridge (to Rijeka) and the numerical models (WD3) for different crack widths (cw): (A) cw ≤ 0.05 mm, (B) cw = 0.10 mm, and (C) cw = 0.20 mm.


Concrete samples from the viaduct for the chloride content determination were taken in April 2018. Continuously measured daily meteorological data (temperature, relative humidity, participations, wind, etc.) can oscillate and vary significantly with perennial averages. Therefore, to consider these effects in the numerical simulations, the numerical results are presented after 11 and 14 years of exposure, with the variations shown ranging from January until May. For uncracked concrete (cw ≤ 0.05 mm), differences in chloride content per month are noticeable only in the surface layer of concrete up to the depth of 10 mm (Figures 8–13A). The concrete depth, at which chloride content does not vary on monthly changes in exposure conditions, increases with wider crack width (Figures 8–13B,C). At crack width of cw ≥ 0.20 mm (Figures 8–13), chloride profiles are not the same for the winter and spring months; during the warm season, chloride content decreases in the surface layer and increases in deeper layers of concrete. Differences in the chloride content per month are increasing slightly in a more aggressive environment with the higher surface chloride content and with increase of exposure time.

Chloride content value of 0.05% by concrete weight, corresponding to value of 0.40% by cement weight, is adopted as the threshold chloride concentration based not only on the cement type, concrete mixture, microclimate, and environmental exposure but also on the results of the on-site testing and observations. Concrete cover depths on the analyzed bridge elements vary from 20 to 50 mm (IGM, 2018). At the depth of Cc = 30 mm, which is an average concrete cover, chloride content in all 25 analyzed locations of the left bridge (to Zagreb) and 31 analyzed locations of the right bridge (to Rijeka) surpass the threshold value, whereas at the depth of 50 mm, the threshold value is reached in the majority of analyzed samples (Figures 8–13). At the average reinforcement level (Cc = 30 mm), the chloride content in the girder of the left bridge is eight times higher than the threshold value (Figure 10C), whereas the maximal chloride content on the 3-year older right bridge is measured on the deck and surpass the critical value even 10 times (Figure 13C).

Based on the measured data, it can be concluded that among the analyzed structural elements, abutments are the least exposed to de-icing salts, although the expansion joints above them are damaged and water leaks on the abutment walls. Although the upper parts of the concrete barriers are the most exposed to de-icing salts, the same or even higher chloride content is measured on the bottom part of the deck and outside part of the box girder of both bridges. This is a consequence of a poorly constructed joint between the concrete barrier and deck edge, through which water leaks (Figure 7C). Moreover, a drip inducer for water shedding is not executed on the bottom edge of the bridge deck. Hence, the bottom part of the bridge deck and web of the box girder are continuously exposed to water with dissolved de-icing salts. Despite the concave curve of the vertical alignment, the middle spans are not more vulnerable in relation to the side spans. Because the viaduct alignment is in a horizontal curve, both bridges have a one-sided transverse slope to the left (Figure 7B). Elements on the left side of each bridge have in average higher chloride content in concrete, but this difference is negligible, because the chloride content at the concrete cover depth exceeds the threshold value by multiple times.

Most of the measured chloride profiles correspond well to the numerical profiles for uncracked concrete or concrete with narrow cracks, cw ≤ 0.10 mm (Figures 8–13). The peak of numerical chloride profile (maximum value of chloride content in the numerical simulations) is reached at the depth of 5 mm for uncracked concrete during April and May. Most of the measured chloride profiles do not have a pronounced peak value because the increments of concrete depth of 20 mm at which the chloride content was measured is relatively large. However, there are few measured chloride profiles with the horizontal shape or with the pronounced peak at the concrete depth of 30 mm, which corresponds well to the numerical simulation for the crack width cw ≥ 0.15 mm (Figures 8–13C). This type of chloride profile can be achieved in the numerical simulation only if concrete damage and wetting–drying cycles are considered.

The 3D CHTM model is quite complex for application on real structures requiring an experienced expert in the field of FE modeling, the high computer performance, and long computation time; hence, its application in everyday practice is not suitable. However, by employing this type of a model for service life prediction, some valuable conclusions can be obtained followed by simple design rules for new bridges and maintenance recommendations for existing bridges. Namely, in the motorway network, to which the analyzed bridges belong, there are about 10 bridges of similar age, structure type, environment, maintenance program, and overall structural condition. Therefore, some conclusion made for case studies can be valid for other bridges in the mountain region, such as (i) cracks in the concrete and poorly executed details allow significantly faster chloride leading to much faster structure deterioration; (ii) inclusion of wetting drying cycles in the service life model leads to higher and more realistic chloride content in concrete in comparison to simple chloride ingress model, etc.

In Croatia, only road authorities of higher road classes have developed bridge management systems, while maintenance plans and programs of all bridge owners are based on results of visual inspections (Kušter Marić et al., 2019). However, reinforcement corrosion can be noticed by visual inspection only in advanced stage, when the chance for optimal maintenance is already lost. Hence, application of 3D CHTM model for numerical simulation of chloride ingress in concrete and reinforcement corrosion is valuable for some case studies, e.g., landmark bridge or typical structure, in order to obtain new knowledge, design, and maintenance recommendation, which can help in the maintenance of whole bridge network or in error elimination during the design of new structures.



CONCLUSION

The brief overview of the 3D CHTM model as one of the most comprehensive models for service life prediction is presented in the article followed by its application on the analysis of the existing concrete structures exposed to de-icing salts, wetting–drying cycles, and mechanical damage. The major conclusions drawn from this study are summarized below:


•Inclusion of the wetting–drying cycles in the chloride-ingress model results in more realistic simulation of the continuous transport processes in concrete. The chloride content at the average concrete cover depth of 30–50 mm is doubled if the wetting–drying cycles and non-uniform surface chloride concentration over the year are considered in comparison with the corresponding model without wetting–drying cycles and with constant surface chloride and water content over time.

•Application of large quantities of de-icing salts on the motorway combined with the poorly executed bridge details (e.g., joint of concrete barrier and bridge deck, lack of a drip inducer for water shedding, etc.) resulted in high chloride content in concrete of bridge superstructure, which exceeds the threshold value up to 10 times in structural elements with cracks (damage).

•The presented numerical results are in good agreement with the values measured on the bridges, what leads to conclusion that the boundary conditions are well defined and numerical simulations of the transport processes in cracked and uncracked concrete is realistic.
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