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Computational Simulation of Chloride-Induced Corrosion Damage in Prestressed Concrete 

Bridge Girders 

Mojtaba Aliasghar-Mamaghani 

ABSTRACT 

Prestressed concrete is a popular construction material for highway bridges. A variety 

of girder span values, cross-sectional shapes, and prestressing strand layouts has been used in 

bridges across the United States. A major concern for such bridges is the possibility of corrosion 

damage in the prestressing strands or reinforcing bars, which is commonly caused by the use of 

deicing salts on the deck or saltwater spray in coastal regions. The present study aims at 

establishing analytical tools for the accurate simulation of chloride ingress, corrosion and 

mechanical damage (cracking) in the concrete, and for the evaluation of the impact of corrosion 

on the flexural and shear strength of bridge girders.  

First, an efficient and accurate analytical scheme is formulated to enable the calculation 

of the load-carrying capacity of corrosion-damaged girders. The analyses rely on two types of 

models, namely, beam models and nonlinear truss models. The latter are deemed necessary to 

obtain reliable estimates of the shear capacity, as beam models are not well-tailored for 

capturing shear failures. A procedure to account for the reduction in area and deformability of 

corroded strands, based on visually observed corrosion damage, is proposed and implemented. 

The models are calibrated and validated with the results of experimental tests on prestressed 

girders which exhibited varying levels of corrosion damage. Further analyses allow the 

comparison of the capacity of corrosion-damaged girders to that of their undamaged 

counterparts. The accuracy of a simplified procedure, using equations in the AASHTO code to 

determine the flexural and shear capacity of the damaged girders, is also determined. 



 

 

 

Subsequently, a computation scheme was proposed to describe the intrusion of chloride 

ions in prestressed bridge girder sections. The approach accounts for multiple, coupled 

processes, i.e., heat transfer, moisture transport, and chloride advective and diffusive transport. 

The constitutive models for moisture and chloride transport rely on previous pertinent work, 

with several necessary enhancements. The modeling scheme is calibrated with data from 

previous experimental tests on concrete cylindrical and prismatic specimens. The calibrated 

models are then validated using data from chloride titration tests conducted on girders removed 

from two bridges in Virginia after 34 and 49 years of service. The results indicate that the 

proposed framework can accurately reproduce the experimentally measured chloride content. 

The modeling approach also allows the evaluation of the accuracy of simplified, design-

oriented tools for estimating the evolution of chloride content with time. 

The multi-physics simulation scheme is further refined to account for the corrosion-

induced mechanical damage (cracking), by incorporating a phenomenological description of 

the electrochemical reaction kinetics, generation of expansive corrosion products, and 

subsequent development of tensile stresses and cracking in the surrounding concrete. The 

impact of cracking on the chloride and moisture transport mechanisms is also taken into 

account.  

The last part of this dissertation pursues the quantification of the uncertainty governing 

the chloride ingress in bridge girders, through the use of a stochastic collocation approach. The 

focus is on understanding how the inherent uncertainty in the value of input parameters (e.g., 

material transport parameters, ambient conditions etc.) is propagated, leading to uncertainty in 

the evolution of chloride content and the expected corrosion initiation time for a given bridge. 

  



 

 

 

Computational Simulation of Chloride-Induced Corrosion Damage in Prestressed Concrete 

Bridge Girders 

Mojtaba Aliasghar-Mamaghani 

(GENERAL AUDIENCE ABSTRACT)  

Prestressed concrete is widely utilized in the construction of highway bridges in the 

United States. A significant concern arises regarding potential corrosion damage in the 

prestressing strands or reinforcing bars, which is commonly attributed to the application of 

deicing salts on the deck or exposure to saltwater spray in coastal regions. This study aims to 

develop analytical tools that can accurately simulate the intrusion of corrosive agents (namely 

chloride ions), and subsequent damage (cracking) in concrete. Furthermore, the research seeks 

to assess the impact of corrosion on the bearing capacity of bridge girders. 

Two different classes of analytical approaches are pursued. The first class employs 

purely mechanical (stress/deformation) models for capturing the strength, deformability and 

failure modes of girders with visual corrosion damage. These models rely on two approaches 

to capture the flexural and shear capacity of specimens, namely, beam-based models and truss-

based models. The impact of corrosion is established through appropriate modification of the 

model parameters, based on the extent of visually observed corrosion damage. The analytical 

approaches are validated through a series of experimental tests previously conducted on 

corrosion-damaged girders.  

The second class of analytical approaches employs multi-physics models, to describe 

the mechanisms leading to corrosion-induced damage. The models account for heat transfer, 

moisture transport, and chloride transport in prestressed beam sections. Model parameters are 

calibrated with experimental tests in literature. The computational scheme is used to 



 

 

 

quantitatively describe the chloride ingress on bridge girders decommissioned from two 

different bridges in Virginia, after 34 and 49 years of service. The analysis results are found 

capable of capturing the actual chloride content at various depths from the exposure surface, as 

determined by chloride titration tests. The temporal evolution of chloride on the surface of 

prestressing strands indicates that corrosion has been taking place over a period of time for the 

two bridges.  

The multi-physics simulation approach is further enhanced to account for the corrosion-

induced mechanical damage (cracking), by explicitly incorporating a description of the reaction 

kinetics, generation of expansive corrosion products and subsequent development of cracking 

in the surrounding concrete. 

The last part of this dissertation pursues the quantification of the uncertainty in the 

expected service life of prestressed concrete bridge structures. Given the inherent uncertainty 

to key values of model parameters, a parametric study is employed to investigate the 

propagation of uncertainty to the time history of chloride content at particular locations of the 

section and the probability of corrosion initiation at specific age values. 
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Chapter 1  

Introduction  

This Chapter provides an introduction to the problem at hand. The impact of corrosion-

induced damage on the safety and maintenance of prestressed concrete bridge infrastructure is 

discussed. Subsequently, an overview of the salient physical mechanisms controlling the 

initiation and evolution of corrosion is provided. The inherently uncertain character of the 

phenomenon is also established. The Chapter is concluded with the objectives and the outline 

of the present dissertation. 

 

1.1 Overview  

Concrete is the most widely used construction material for bridges, buildings, and dams. 

The material combines many advantages, perhaps the major one being the flexibility in 

structural form. It is, however, well-known that the tensile strength of concrete is much lower 

than its compressive strength. For this reason, it becomes necessary to properly detail regions 

where tensile stresses are expected to develop during the service life of a structure. This 

detailing most commonly involves steel reinforcing bars or prestressing strands. Prestressing is 

deemed essential for concrete bridges that exceed a certain span length. In fact, it is noteworthy 

that prestressed concrete has been used more than 50% of the bridges constructed in the United 

States. This widespread utilization underscores its significance of ensuring the structural 

integrity and performance of longer-span bridges. An important concern for prestressed 

concrete bridges is the possibility of corrosion in the prestressing steel of the girders, which 
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may severely undermine the lifespan and even the safety of such structures. As shown in Figure 

1.1, excessive corrosion of the steel ultimately leads to significant damage (cracking) in bridges.  

 

Figure 1.1. Chloride-induced corrosion damage in prestressed bridge girders [reproduced 

from (Alfailakawi et al., 2020) ]. 

Unless corrosion damage is detected and repaired in a timely manner, it can lead to 

failure and even collapse of structures, potentially entailing deaths, injuries and significant 

economic losses due to traffic disruption. A recent example of corrosion-induced bridge failure 

is the 2005 partial collapse of the Lake View Drive Bridge, shown in Figure 1.2. 

 

Figure 1.2. Partial collapse of  Lake View Drive Bridge due to corrosion [reproduced from 

(Harries, 2009) ]. 
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The economic impact of corrosion is hard to overstate. In 2002, the Federal Highway 

Administration in collaboration with the NACE (National Association of Corrosion Engineers) 

International (FHWA-RD-01-156) estimated the annual direct costs for maintenance of bridges 

in poor condition at $8.3 billion. On the other hand, the indirect costs of corrosion were 

estimated at more than ten times that of the direct corrosion costs. The annual direct cost is 

increasing on a yearly basis, and in 2020 FHWA reported (FHWA-HRT-21-001) a direct 

corrosion cost of $13.6 billion. In 2019, more than 47,000 of the 616,087 bridges in the United 

States were found structurally deficient by the American Road and Transportation Builders 

Association (2019 Bridge Report). However, the pace of bridge repair reached a low point in 

2019, potentially endangering lives by allowing deterioration to progress. The United States 

Government Accountability Office found one-third of bridges in the United States susceptible 

to corrosion and found bridges in need of $125 billion in repair.  

The load-carrying capacity of bridge structures in coastal regions or those exposed to 

deicing salts is affected by the extent of chloride-induced corrosion damage developed in the 

prestressing strands. Given that strands in prestressed bridge girders are subjected to significant 

stress, the existence and assessment of corrosion in these structures are of prime importance.  

Flexural failure of the corroded prestressed bridge girders can occur by the crushing of 

the top concrete or rupturing of the prestressing strands at the bottom face, as shown in Figure 

1.3. Depending on the extent of the damage, corrosion reduces the flexural capacity and 

ductility of specimens.  
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Figure 1.3. Flexural failure of prestressed concrete bridge girder [test conducted by 

Alfailakawi et al. (2020) ].  

  The ultimate shear strength of a girder may also be affected by the extent of chloride-

induced corrosion damage. 

1.2 Description of Physical Mechanisms Leading to Corrosion 

Corrosion in bridge girders is primarily attributed to the ingress of chloride ions and 

their transport (through the concrete porous structure) to the locations of reinforcing and 

prestressing steel. During the early ages of setting, concrete is characterized by high alkalinity. 

This leads to the formation of a thin oxide film around the steel bars and prestressing strands. 

The protective film puts the reinforcing steel in a passive condition, i.e. it inhibits the ironôs 

natural tendency for oxidation, offering protection against corrosion.  

As shown in Figure 1.4, the presence of chloride ions on the surface of reinforcing steel 

materials significantly damages the protective film. Given the porous network of concrete 

bridges, chemical species such as chloride ions intrude in concrete structures in harsh 

environments, leading to the destruction of protective film on the surrounding area of 
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reinforcing steel bars, corrosion incidence, and subsequently progression in the rate of 

corrosion. 

 

Figure 1.4. Destruction of protective film on the surface of steel wire, caused by chloride 

attack. 

Corrosion of the prestressing strands embedded in concrete structures is associated with 

electrochemical reactions wherein iron in steel is converted to corrosion products. The volume 

of the corrosion products is greater than that of the original steel material by a factor between 

2.0 and 6.4 (Youping and Richard, 1998), as shown in Figure 1.5. The precise corrosion 

products that are produced depend on various parameters, some of which are the pH of the pore 

solution, moisture content, and oxygen supply. 

 

 
Figure 1.5. Relative volumes of corrosive products with respect to iron [reproduced from 

Youping and Richard (1998)].  
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The volumetric expansion of the corrosion products is restrained by the surrounding 

concrete. This in turn induces a swelling pressure on the concrete. Given that concrete has a 

low tensile strength, the volume expansion of corrosion products leads to the development of 

damage in concrete, causing initiation and progression of cracking, as shown in Figure 1.6. 

 
Figure 1.6. Cracking in concrete due to volumetric expansion of corrosive products.  

The formation of cracks, creates new pathways that allow corrosive agents to penetrate 

the concrete network. In that regard, the fundamental properties of concrete, such as the chloride 

diffusion coefficient and moisture diffusion coefficient, undergo a significant increase, greatly 

exacerbating the progression of corrosion and corrosion-induced cracking. Ultimately, some of 

the cracks become connected, leading to the formation of wide cracks. In the late stages of the 

phenomenon, concrete in specific regions, i.e., near the cross-sectional corner spalls off, as 

denoted in Figure 1.7. 
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Figure 1.7. Corrosion-induced spalling of the concrete near the cross-sectional corner region.  

The detrimental effects of corrosion extend beyond the mere loss of mass in prestressing 

strands and the resulting concrete cracking. Corrosion also significantly impacts the mechanical 

strength of the strands. Depending on the extent of corrosion damage, it can lead to a reduction 

in the elastic modulus of the strands to varying degrees, as well as affect the ultimate strain. 

Figure 1.8 illustrates the influence of corrosion damage on the mechanical strength of strands. 

The majority of specimens exhibited a decrease in ultimate strain, with a few specimens 

demonstrating both phenomena simultaneously. 

The other detrimental effect of corrosion pertains to bond strength decay, where it 

reduces the bond resistance between reinforcing steel and concrete material due to the 

volumetric expansion of corrosion products. 
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Figure 1.8. Uniaxial tensile test results for seven-wire strands with different degrees of 

corrosion damage.  

The determination of corrosion incidence is a vital parameter in the analysis, 

maintenance, and if necessary, repair of prestressed bridge girders. As mentioned earlier, during 

the early stages of a concrete structureôs life, a protective oxide film is formed on the 

surrounding area of prestressing strands, safeguarding it from corrosion damage. Corrosion 

initiation is believed to occur when the protective film on the surface of the strand is 

compromised or destroyed. The extent of the chloride on the surface of the prestressing strand 

can be indicative of the corrosion incidence and the content of chloride corresponding to this 

phenomenon is termed critical chloride Ccrit. As the extent of chloride on the surface of strands 

exceeds Ccrit, the rate of corrosion significantly increases. An increase in corrosion rate further 

intensifies the extent of damage in prestressing strands and causes corrosion to progress. 

The analysis of the moment of chloride intrusion in concrete bridges enables a better 

understanding of the current condition of the bridge structures, which might be hidden for a 

period from the naked eye. The analysis is also crucial for maintenance and repair purposes. 

Corrosion is associated with an electrochemical oxidation-reduction process in which 

iron is converted to corrosion products and significantly reduces the mechanical resistance of 

0

400

800

1200

1600

2000

0 0.01 0.02 0.03 0.04 0.05

S
tr

e
s
s
 (

M
P

a
)

Strain

Test 1
Test 2
Test 3

Reduction in elastic 

modulus and ultimate strain

Reduction in 

ultimate strain

Sound specimen



Chapter 1. Introduction   

 

9 

 

the steel. Throughout this process, electrons are transferred from one chemical species to 

another. Oxidation occurs at the anode when electrons are given up from atoms, for instance, 

anodic oxidation reaction in corrosion is given by: 

 2Fe(s) Fe (aq) 2e+ -­ +  (1.1) 

where iron is oxidized into ferrous ion Fe2+ and dissolved into pore water; solid and aqueous 

states are denoted by (s) and (aq), respectively. Reduction takes place at the cathode when 

electrons are adsorbed and become a part of atoms, for instance, cathodic reduction reaction in 

the corrosion process is expressed by: 

 - -

2 2O (g) 2H O(l) 4e 4OH (aq)+ + ­  (1.2) 

where oxygen is reduced to hydroxyl ions; gaseous and liquid phases are denoted by g and l. 

Upon the formation of ferrous and hydroxyl ions, corrosion reactions take place, and corrosion 

products are produced. 

 2 -

2Fe (aq) OH (aq) Fe(OH) (s)+ + ­  (1.3) 

Ferrous hydroxide Fe(OH)2 further reacts with other chemical species to produce other 

corrosion products (Ji et al., 2013), for instance: 

 
2 2 2 3

1
2Fe(OH) + O H O 2Fe(OH)

2
+ ­  (1.4) 

or, 

 
2 2 2 3 2 24Fe(OH) +O 2Fe O H O+2H O­ Ö  (1.5) 

or, 

 
2 2 3 4 2 26Fe(OH) +O 2Fe O H O+2H O­ Ö  (1.6) 

where Fe2O3 and Fe3O4 are known as hematite and magnetite, respectively. The schematic 

procedure of the corrosion reaction process is shown in Figure 1.9. As stated earlier, electrons 
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are liberated from the anodic site (iron), moving toward the cathode (oxygen molecules). This 

electron movement corresponds to an electric current from the anode to the cathode (opposed 

to the conventional current direction). Incoming electrons react with oxygen in the vicinity of 

reinforcing steel and produce hydroxyl ions. The availability of ferrous ions and hydroxide ions 

facilitates the formation of corrosion products. In particular, under specific circumstances 

different forms of corrosion product might be produced (see Figure 1.5), for instance, ferrous 

hydroxide Fe(OH)2, ferric hydroxide Fe(OH)3, etc. 

 

                    

Figure 1.9. Schematic illustrating the electrochemical oxidation-reduction reaction, resulting 

in the formation of corrosion products. 

Two mechanisms are responsible for the corrosion of reinforcing steel in concrete 

structures. The first is micro-cell corrosion where anodic and cathodic half-cell reactions occur 

in practically the same metal region on a microscopic scale (Hansson et al., 2006) [see Figure 

1.9]. Macro-cell corrosion is the second corrosion mechanism and occurs when anodic and 

cathodic half-cell reactions take place on macroscopically distant locations, for instance when 

an active steel bar is connected to a passive bar (Hansson et al., 2006), as shown in Figure 1.10. 

Macro-cell corrosion is shown to be less common than micro-cell corrosion. The latter is 

believed to cause uniform corrosion, while the former was found to cause pitting corrosion 

(Hansson et al., 2006). Corrosion of reinforcing steel in macro-cell type is proportional to the 

anode cathode
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cathodic and anodic area of half-cells. It has been shown that the rate of macro-cell corrosion 

significantly diminishes over time, as the passivity in the reinforcing steel disappears by 

uniform or micro-cell type of corrosion (Zhang et al., 2020). Macro-cell corrosion was found 

to be predominant in specific environments, i.e., structures under external charges, such as 

underground structures subjected to stray current, or a difference in the natural electrode 

potential, such as cluster structures connected to underground water in coastal regions with 

different chloride concentrations (Wang et al., 2021). 

 

                    

Figure 1.10. Schematic of macro-cell corrosion mechanism, reproduced from Hansson et al. 

(2006). The anodic and cathodic reactions take place in steel bars that are apart from each 

other.  

The first step toward the understanding of corrosion damage is the calculation of the 

corrosion rate, which can be found from the kinetics of the electrochemical reaction. 

Considering the half-cell reactions described in equations (1.1) and (1.2), after the occurrence 

of corrosion, a short circuit is formed in the electrochemical cells where electrons flow from 

the anode to the cathode. This effect causes a non-equilibrium state in the system leading to 

potential disparities in standard electrode potentials. The displacement of electrode potential 

from standard electrode potential is called polarization and the magnitude of this displacement 

is termed overvoltage (Callister et al., 2021).  
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There are two primary polarization mechanisms in electrochemical reactions. The first, 

called activation polarization, occurs when the rate of the overall reaction is primarily governed 

by a single step in the sequence, specifically the step with the slowest rate (Callister et al., 

2021). The overvoltage in activation polarization is described by: 

 

0

loga

i

i
h b=°  (1.7) 

where bis model parameter, 0i is the exchange current density, and i is the current density. 

Activation polarization for the hydrogen atom is shown in Figure 1.11, with two different 

branches showing oxidation and reduction reactions. As shown, oxidation occurs at the anode 

with a positive overvoltage rate and reduction occurs at the cathode with a negative overvoltage 

rate. A potential must be taken with respect to a reference value (which-by definition-

corresponds to zero value of potential). The referential electrode cell, corresponding to zero 

potential, is typically taken to be the Hydrogen molecule. The displacement of the electrode 

from the standard state (a difference from zero volts in the vertical axis) is overvoltage which 

might be positive or negative depending on the half-cell reaction types. 
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Figure 1.11. Activation polarization overvoltage for the hydrogen atom (reproduced from 

Callister et al. (2021)].  

Concentration polarization is the second polarization mechanism, governed by the 

diffusion process (Callister et al., 2021). Considering reaction half-cells shown in Figure 1.11 

it is always assumed that there is an adequate amount of hydrogen ions that feed electrochemical 

reactions between two half-cells. However, in cases where hydrogen concentrations are low or 

high, hydrogen ions might not replenish half-cell reactions at a sufficient rate to keep up the 

electrochemical reaction and a depletion zone might be formed in the immediate vicinity of 

electrode cells. Therefore, concentrations of hydrogen ions govern the rate of reaction leading 

to the occurrence of concentration polarization. The overvoltage in cathodic polarization is 

established in the following form: 

 2.3
log 1c

l

RT i

nF i
h

å õ
= -æ ö

ç ÷
 (1.8) 

where T is the absolute temperature, F is the Faradayôs constant, li is the limiting diffusion 

current density, and n is the number of electrons in the ionization of a metal atom. The scheme 

of concentration polarization along with activation polarization is shown in Figure 1.12. 
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(a) Concentration polarization curve 
(b) Activation-concentration polarization 

curve 

Figure 1.12. Schematic illustration of polarization mechanisms [reproduced from Callister 

et al. (2021)].  

The rate of corrosion reaction can be reasonably estimated via polarization curves of 

two half-cells, which account for both activation and concentration polarization. Activation 

polarization curves for an electrochemical cell containing zinc and hydrogen half-cells are 

shown in Figure 1.13a. Conservation of electric charge stipulates that all electrons liberated 

from the anodic half-cell are to be consumed by the cathodic half-cell. This implies that the 

current density, icorr, must be the same for the two half-cells. As such, the only possible point 

that meets this criterion is the intersection point of polarization curves. The projection of the 

intersection point on the vertical and horizontal axes gives the corrosion potential, Ecorr, and 

corrosion current density, icorr, respectively. 

The electrochemical reaction kinetic of activation-concentration polarization curves for 

two different metals is shown in Figure 1.13b. Throughout this process, the zinc atom, Zn, is 

oxidized and the hydrogen ion, H+, is reduced. 
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(a) Schematic for activation polarization 

mechanism 

(b) Schematic for activation-concentration 

polarization mechanism 

Figure 1.13. Electrochemical reaction kinetic of an acid solution and zinc atom reproduced 

from Callister et al. (2021).  

As stated earlier, due to the highly alkaline nature of concrete in the early stages of the 

concrete setting, a thin protective film forms on the surface area of reinforcing and prestressing 

steel, which makes it passive against corrosion. This phenomenon is termed passivity, which 

reduces the rate of corrosion by several orders of magnitude. The polarization curve for passive 

steel has an S-shaped behavior shown in Figure 1.14a (Callister et al., 2021). The specific curve 

is a coalescence of three distinct regions, namely active, passive and transpassive. The active 

region describes the behavior of steel in normal conditions with a linear oxidation (or reduction) 

behavior. As the electrode potential increases, the current density in the passive region 

significantly reduces and becomes independent of the potential. As electrode potential increases 

further, steel enters the transpassive zone where an increase in the electrode potential leads to 

an increase in the current density. 

The impact of passivity on the electrochemical reaction rate can be described on the 

basis of polarization curves, as shown in Figure 1.14b. Given the polarization curve of the 
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reduction reaction in two solutions, labeled A and B, corrosion current density which 

corresponds to the projection of intersection points in the horizontal axis is very low in the 

former [i c(i)]. Given that current density is shown on a logarithmic scale, the passivation might 

reduce the corrosion rate by several orders of magnitude (Callister et al., 2021). 

 

  
(a) Schematic illustration of polarization 

curve for steel showing active, passive, and 

transpassive zones 

(b) Active and passive corrosion behaviors 

for steel in different solution 

Figure 1.14. Polarization curve and corrosion behavior for passive steel, reproduced from 

Callister et al. (2021). 
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instance, the ambient (climatic) conditions in the vicinity of a bridge affect the moisture 

transport mechanism, which in turn is instrumental for chloride ingress in the concrete. 

Furthermore, the amount of chloride inflow in the surface of a bridge is highly uncertain, and a 
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concrete bridge is subjected to highly controlled environmental conditions, the porous structure 

in the concrete is itself highly variable, which in turn implies an inherent uncertainty on various 

constitutive parameters (e.g., moisture and/or chloride diffusivity) which significantly affect 

the chloride ingress and corrosion. In light of the above, it should come as no surprise that the 

extent of observed chloride-induced corrosion damage can significantly vary for different 

girders in a bridge, and even at different locations of the same girder. An example bridge span 

demonstrating such variability is provided in Figure 1.15, which presents girders which were 

decommissioned from the Lesner bridge in Virginia after 49 years of service. As Figure 1.15 

shows, the girders had exhibited corrosion damage in localized regions, marked with circles in 

the figure, which had been repaired (patched).  

 

Figure 1.15. Chloride-induced corrosion damage in Lesner Bridge, Virginia [reproduced 

from (Alfailakawi et al., 2020)]. 

1.4 Objectives 

The overarching goal of this dissertation is to enhance the understanding of the process 

leading to chloride-induced corrosion damage in prestressed concrete bridge girders. The work 

can be subdivided into four parts, each with its own objectives. 
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The objective of the first part is to investigate the bearing capacity of corrosion-damaged 

prestressed concrete bridge girders. A nonlinear finite element approach is established to 

accurately evaluate the shear and flexural capacity of girders exhibiting visual corrosion 

damage.  

The second part of the present study is aimed to develop a nonlinear finite element 

approach for assessing the temporal evolution of the sectional distribution of chloride in girders. 

Additionally, this approach aims to qualitatively evaluate the service life performance of these 

girders. A coupled finite element analysis scheme, accounting for moisture, heat, and chloride 

transport is formulated, calibrated and validated. 

The primary focus of the third part of this dissertation is to present a nonlinear finite 

element approach that effectively captures corrosion-induced damage in prestressed concrete 

bridge girders. To this end, the analysis scheme of the second part is further enhanced with the 

capability to account for the kinetics of the electrochemical oxidation-reduction equation, the 

formation of expansive products, the occurrence of cracking and the impact of this cracking on 

the chloride ingress. 

The fourth and final part of this dissertation focuses on quantifying the uncertainty 

associated with the expected service life of corrosion-affected prestressed concrete bridge 

structures. This is accomplished by establishing a mathematical description of the (aleatory) 

uncertainty associated with various parameters of the problem at hand, and then determining 

the propagation of this uncertainty to the expected service life. 
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1.5 Dissertation Outline 

Chapter 2 provides a review of literature on strength assessment of corrosion-damaged 

girders and analytical modeling of chloride ingress in concrete and corrosion-induced cracking. 

Chapter 3 proposes a computational approach for obtaining the flexural and shear 

resistance of prestressed concrete bridge girders with visually observed chloride-induced 

corrosion damage. Two types of simplified models, which rely on uniaxial material laws, are 

used, namely, beam models with a fiber section and nonlinear truss models. 

Chapter 4 establishes a phenomenological approach to describe the intrusion of 

corrosion-inducing chloride ions in concrete bridge girders. Various physical processes 

affecting the ingress of chloride, i.e., coupled heat, moisture, and chloride transport, are taken 

into account. The scheme is calibrated and validated with experimental data on cylindrical and 

prismatic specimens and are applies to real-life bridge girders. 

Chapter 5 investigates the impact of corrosion-inducing chloride ions in the spatial 

distribution of corrosion damage. A computational scheme is proposed to describe various 

significant processes affecting chloride-induced corrosion damage in sound and cracked 

concrete. The scheme includes phenomenological laws to account for the kinetics of the 

corrosion electrochemical process, the formation of expansive corrosion products and the 

ensuing formation of cracking in the surrounding concrete. The impact of cracking on the 

temporal evolution of chloride content in key locations of the bridge section is also investigated. 

Chapter 6 deals with the uncertainty quantification of chloride-induced corrosion 

damage in concrete bridges. The analysis relies on the stochastic collocation approach. 

Chapter 7 presents the main conclusions of this research and provides recommendations 

for future research building on the findings of the present study.   
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Chapter 2  

Literature Review 

This chapter provides a review of the literature pertaining to the topic of the present 

study. The review is subdivided into several thematic classes, i.e. i) experimental and analytical 

evaluation of load-carrying capacity in corrosion-damaged prestressed girders, ii) mathematical 

modeling and computational simulation of chloride ingress, corrosion and corrosion-induced 

cracking in concrete, and iii ) quantification of uncertainty governing the evolution of chloride 

content and corrosion in bridge girders. 

 

2.1 Load-Carrying Capacity of Corroded Bridge Girders 

Prestressed concrete bridges are one the most popular constructional systems that 

provide a safe crossing feature for transportation connectivity of the roadway network. They 

are available in a variety of cross-sectional geometry, spans, and prestressing strand layouts 

across the United States. The eventuality of chloride-induced corrosion damage is a major 

concern for concrete bridges (Weyers et al., 1994), which is usually caused by saltwater spray 

in coastal zones, or the use of deicing salts on the top of the specimen (i.e., deck).  

The load-carrying capacities of prestressed concrete bridge girders with chloride-

induced corrosion damage have been investigated in a number of experimental studies. 

Shenoy and Frantz (1991) focused on the structural performance of two prestressed 

girders recovered from a bridge after 27 years of service, which was subjected to extensive use 

of deicing salts. The experiment was meant to investigate the impact of chloride-induced 
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corrosion damage on the flexural resistance of girders through a four-point bending 

configuration. While minor corrosion was present in the girders, it was found to have a minimal 

effect on deformability and flexural strength of girder specimens. 

Tabatabai and Dickson (1993) performed a series of experimental tests to evaluate the 

flexural resistance, serviceability, and material properties of a post-tensioned bridge girder. The 

girder was removed from a 34-year-old bridge subjected to severe winter cycles and extensive 

use of deicing salts. Though some of the wires had evidence of corrosion, and corrosion had 

been manifested in the anchorage system at end regions, similar to the study by Shenoy and 

Frantz (1991), the flexural resistance of the girder was not affected by the extent of corrosion 

damage. Given the limited experimental tests performed to that date, they recommended 

additional experimental tests on the structural performance of bridge girders with a variety of 

corrosion damage. 

Harries (2009) performed a set of experimental tests to investigate the extent of 

corrosion and flexural performance of two prestressed concrete bridge girders. The specimens 

were subjected to saltwater spray and were removed from a partially collapsed bridge after 42 

years of service. Based on visual inspections and four-point bending tests, it was found that the 

flexural resistance and deformability of specimens were heavily affected by chloride-induced 

corrosion damage. The results of the forensic analysis performed after flexural tests also 

confirmed significant damage in prestressing strands, which was originally underestimated by 

visual inspections. In that respect, the extent of corrosion had been manifested in different layers 

of prestressing strands along the soffit of the girders. 

Pape and Melchers (2011) focused on the impact of chloride-induced corrosion damage 

caused by saltwater spray on the structural performance of three girders removed from a 45-
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year-old bridge. The girders had significant signs of corrosion damage from cracking to the 

spalling of the concrete. The flexural strength of specimens was investigated by a four-point 

bending configuration. According to the results, corrosion had a major impact, with cross-

sectional area loss in excess of 75% for several strands. It also affected the bearing strength of 

the specimens resulting in a flexural capacity degradation of up to 50% and a pronounced loss 

in deformability. Further investigation has also revealed advanced signs of corrosion, such as 

wire pitting, formation of corrosion products in different colors (Green, Blue, and Brown rusts), 

and anaerobic corrosion products which are indicative of bacteria activity. Similar conclusions 

were also reached in another study by Pape and Melchers (2013) on the impact of corrosion 

damage on the bearing capacity of bridge girders. 

A study by Murray et al. (2019) focused on the load-carrying capacity of two girders 

recovered from a bridge subjected to deicing salts after 45 years of service. The girder 

specimens had a variety of chloride-induced corrosion damage from minor to moderate at the 

end regions, which is a major concern for resistance against shear forces for urbane bridge 

inventory. The bearing capacity of specimens was evaluated through a three-point-loading 

configuration with various shear-span-to-depth ratios from 2.0 to 3.83. It was found that 

corrosion had caused some bond-slip damage in the end regions of the girders leading to shear 

failure of some specimens. However, the damage pattern was not found to affect the shear 

resistance of girders. 

Alfailakawi et al. (2020) performed several experimental tests to investigate the impact 

of chloride-induced corrosion damage on the flexural resistance of prestressed concrete bridge 

girders. Multiple bridge girders with a variety of cross-sectional shapes and geometry were 

removed from different bridges in Virginia after 34 and 49 years of service and were tested 
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under a four-point bending scheme. Some bridge girders were exposed to extensive use of 

deicing salts, while others were subjected to the use of saltwater spray. According to the results 

of non-destructive tests, and destructive flexural tests, corrosion was found to cause a 

significant cross-sectional loss in the area of prestressing strands and reduced the flexural 

resistance of some girder specimens. 

A study by Al Rufaydah (2021) focused on the influence of chloride-induced corrosion 

damage on the shear resistance of bridge girders. Two prestressed concrete bridge girders were 

removed from bridges in the state of Virginia after 34 and 49 years of service. The girder 

specimens were subjected to saltwater spray, or use of deicing salts. The resistance of the girders 

was evaluated through a three-point-loading scheme with different shear-span-to-depth ratios. 

According to the results, corrosion played a minor role in the shear strength of the girder 

specimen, while affecting the mode of failure most. In particular, the extent of the corrosion in 

prestressing strands at the bottom face of the girder, between the support and pointed load, 

impacts the deformability of strands and girder specimens, changing the mode of failure from 

shear to flexure. The cornerstone of this transition was manifested in the load-carrying capacity 

of the specimens, where the strength of the girder failed in shear-flexure was smaller than that 

failed in shear. 

Some researchers adopted an analytical approach for the evaluation of the load-

displacement response of girder specimens, that uses the moment-area principle to calculate 

deflections (Shenoy and Frantz, 1991; Tabatabai and Dickson, 1993).  

The beam model is a widely used approach in the literature that has been shown to 

provide an accurate and numerically efficient solution to the nonlinear response and ultimate 

flexural resistance of beams. In particular, Dall'Asta and Dezi (1998) have introduced a new 
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scheme for the structural analysis of prestressed composite beams to overcome some 

restrictions for the slip of tendons at the saddle points, as well as construction stages. The 

scheme involves nonlinear constitutive laws for the material properties and a linear definition 

of kinematics. According to the results, the approach was found capable of capturing the 

structural response of prestressed beams with external tendons. 

A study by Ariyawardena and Ghali (2002) focused on the structural analysis of 

prestressed beams with external or internal tendons. The analysis scheme has been 

supplemented with multiple features, such as nonlinear material properties, tension stiffening, 

and friction and loss of tendons at the deviator block. Based on the results, the approach was 

found capable of capturing the structural response of externally and internally prestressed 

beams which was verified with the experimental tests. 

A study by DallôAsta et al. (2007) developed a simplified approach for capturing the 

flexural response of prestressed concrete beams with external tendons. The scheme was focused 

on the slip of the tendons in the deviator blocks, which governed the global displacement of 

structure, supplemented by a nonlinear analysis approach for beam-tendon structure. The 

analysis scheme gave a good estimate of the flexural response of prestressed concrete beams 

with external tendons, validated with experimental tests. The results of a parametric study 

showed that the scheme was generally affected by the length of the beam and quantity of 

reinforcing steel material, as opposed to other parameters, e.g., span-to-depth ratio and cross-

sectional geometry, which was in agreement with previous studies (Harajli et al., 2002; Ng, 

2003; Roberts-Wollmann et al., 2005). 

The underlying assumption behind the beam theory asserts that plane sections of a beam 

remain plane and also remain perpendicular to the reference axis of the beam (Koutromanos, 
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2018). This assumption is shown to be violated in discontinuity regions (Naaman, 1982; Nawy, 

1996). According to Saint-Venantôs principle, the distribution of stresses originating from axial 

or flexural loads is linear at a specific distance away from the discontinuity region. 

According to the beam theory and Saint-Venantôs principle, beams are divided into two 

regions, namely B-region, where beam theory is true, and D-region, where beam theory is 

violated. Discontinuity region exists in the vicinity of supports, concentrated loads, or regions 

with an abrupt change in the structural geometry. 

A commonly employed approach toward the analysis of shear strength of prestressed 

bridge girder with discontinuity regions is strut-and-tie modeling (Pei et al., 2008; Martin et al., 

2011; Ross et al., 2011), which uses the truss analogy method. Compression members in the 

strut-and-tie modeling approach are termed struts, while tension members are ties, joined at 

nodes. A node (also termed joint or connection) is the intersection of at least three members for 

equilibrium concern and is assumed as a hinge connection without transferring bending 

moments (Naaman, 1982; Nawy, 1996; Dolan and Hamilton, 2019). While the strut-and-tie 

model is supposed to capture the shear strength of prestressed beam members with a good rate 

of accuracy in the discontinuity region, a wide range of accuracy in the analysis results have 

been reported in the literature. 

A study by Martin et al. (2011) focused on the shear strength of a prestressed concrete 

bridge girder after 40 years of service. The resistance of the girder was evaluated by a variety 

of approaches, including the strut-and-tie modeling method. According to the results, the shear 

capacity of the girder specimen was underestimated by more than a factor of 2.0. 

Ross et al. (2011) investigated the shear capacity of four 30-year-old prestressed 

concrete bridge girders. The specimens were experimentally tested under a three-point-loading 
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configuration with various span-to-depth ratios. Similar to the conclusion drawn by Martin et 

al. (2011), the strut-and-tie model gave a conservative estimate of the shear strength of girder 

specimens, where it underestimated the capacity by a maximum factor of 2.36. 

Pei et al. (2008) focused on the shear strength of a prestressed bridge girder and 

concluded that the shear resistance of bridge girders is conservatively estimated by the strut-

and-tie model, which was in line with previous research (Martin et al., 2011; Ross et al., 2011). 

On the other hand, some researchers have found the strut-and-tie model to give a reasonable 

estimate of shear strength (Osborn et al., 2012; Higgs et al., 2015; Al Rufaydah, 2021). 

The availability of design-oriented, simplified equations for estimating shear resistance 

of prestressed bridge girders is also a point of consideration herein. AASHTO LRFD 

Specification (AASHTO, 2020) has presented various approaches, some of which have 

backgrounds in Modified Compression Field Theory (MCFT) (Vecchio and Collins, 1986), 

while the American Concrete Institute (ACI, 2019) has introduced another method called, Vci -

Vcw. 

Several studies have investigated the modeling of corroded strands for analysis or design 

calculations. Two different approaches have been proposed in the literature. The first is to 

assign an appropriately modified constitutive law to the corroded strands/wires to account for 

the reduction in, e.g., deformability  (Zhang et al., 2019; Jeon et al., 2020; Franceschini et al., 

2022). 

A study by Zhang et al. (2019) focused on the variability of steel cross-section loss 

caused by corrosion. They performed accelerated corrosion tests on several seven-wire 

prestressing strands and proposed a stochastic constitutive law for corroded strands. According 
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to the results, the model was found capable of capturing the stress-strain relation of corroded 

seven-wire strands, verified with experimental tests. 

Jeon et al. (2020) studied the impact of corrosion on the mechanical properties of seven-

wire strands. Several strands were extracted from two naturally corroded post-tensioned bridge 

girders and some empirical relationships were proposed to describe the impact of corrosion on 

the ultimate stress and strain of strands. This model was meant to entail an increased accuracy 

compared to earlier formulations, which had considered a single pit configuration (Val and 

Melchers, 1997; Stewart, 2009; Lu et al., 2016). The section loss of corroded wires was 

calculated in accordance with pit morphology, whether it is hemispheric, concave, or planar, as 

shown in Figure 2.1. Subsequently, four prestressed concrete beams were manufactured and 

artificially corroded to investigate the accuracy of the proposed laws. According to the results, 

the proposed relation could satisfactorily estimate the ultimate stress developed in the corroded 

strands, validated with experimental tests on the flexural resistance of artificially corroded 

beams. 

 

 (a) hemispherical pit (b) concave pit (c) planar pit  

Figure 2.1. Definition of pit configuration for various pit morphology [reproduced from Jeon 

et al. (2020)]. The section loss of corroded wires was found from pit morphology (Jeon et al., 

2020), with the area of the pit shown in different color. 

Along the same lines, a study by Franceschini et al. (2022) focused on the development 

of a constitutive law for corroded seven-wire strands. The calculation for section loss of 
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corroded wires relies on three types of pit morphology [originally introduced by Jeon et al. 

(2020), see Figure 2.1], which governs the stress-strain relationship. The proposed law assigned 

8.1%, 10.7%, and 5.4% as critical section loss limits for the most corroded wires in hemispheric, 

concave, or planar pit configurations. The model was shown to give a good estimate of the 

stress-strain curve, verified with several mechanical tests on corroded strands extracted from 

prestressed concrete beams. 

The second approach is more oriented towards design-based calculations and involves 

a reduction in the area of damaged strands without any modification in the assumed strength or 

deformability of materials (Naito et al., 2010a; Naito et al., 2010b; Alfailakawi et al., 2020). 

A comprehensive study by Naito et al. (2010a) focused on the forensic analysis of 

chloride-induced corrosion damage in several prestressed bridge girders. The study relied on 

several evaluation techniques, including destructive and non-destructive tests. The former 

entailed experimental tests on bearing capacity, while the latter focused on half-cell potential 

mapping, visual inspection of chloride-induced cracks, and material testing. The overarching 

goal of the research was to introduce a qualitative scheme for a reliable estimate of corrosion 

damage in prestressed girders based on visually observed damage. The proposed scheme 

focused on visual inspection and considered a 5% reduction in the area of all prestressing 

strands embedded in the girder, a 25% reduction in the area of prestressing strands adjacent to 

cracks, i.e., within a distance of 3 in., and a 100% reduction in the area of exposed strands, as 

schematically shown in Figure 2.2. According to the results, longitudinal cracks gave a good 

estimate of the corrosion condition of non-visible prestressing strands, in contrast with the half-

cell testing results. According to several tests, the proposed scheme gave a reliable estimate of 

corrosion extent and subsequently bearing capacity of girders. 



Chapter 2. Review of Literature              

 

29 

 

 

Figure 2.2. Schematic illustration of rating recommendation by Naito et al. (2010a) [redrawn 

from Naito et al. (2010a)].  

A follow-up study by Naito et al. (2010b) delved into the chloride-induced corrosion 

damage by focusing on the chloride concentration test results to correlate the extent of 

corrosion-inducing chloride ion to the surface cracking and subsequently, reduction in the area 

of prestressing strands. The primary goal of the research was to provide qualitative rating 

guidelines and recommendations on the extent of chloride-induced corrosion damage on the 

surface of prestressing strands and their correlations to visually observed damage. The surface 

condition of strands was judged on the bases of various experimental tests, namely, mechanical 

tests, petrographic examinations, air void analyses, carbonation and chloride concentration 

tests, and visual inspections. The authors have concluded that the existence of hairline cracks 

could be indicative of corrosion, as shown in Figure 2.3. They also provided rating guidelines 

for the extent of corrosion on the surface of strands, classified under nine different categories 

from immediate failure to excellent condition. Given the presumption that enough oxygen and 

moisture were present on the surface of prestressing strands, they have identified the content of 

critical chloride that destructs the protective film on the surface of strands, which was 0.032% 

of the concrete mass. 
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Figure 2.3. Rating recommendation by Naito et al. (2010b)[reproduced from Naito et al. 

(2010b)].  

Alfailakawi et al. (2020) proposed a scheme for the evaluation of chloride-induced 

corrosion damage on prestressing strands based on visual inspection. The proposed approach 

relied on the results of a series of destructive and non-destructive tests, including, visual 

inspection, half-cell measurements, chloride titration tests, mechanical tests on prestressing 

steel, concrete compressive tests, and a series of four-point bending tests on several corroded 

prestressed bridge girders with I-shaped and Box-shaped section. The algorithm was a modified 

version of previous studies (Naito et al., 2010a; Naito et al., 2010b) and considers a 40% 

reduction in the area of strands closest to the crack, a 20% reduction in the area of strands in 

the vicinity of cracks, a 90% reduction in the area of strands in the patched region, and a 100% 

reduction in the area of exposed strands, as shown in Figure 2.4. Based on the results, the 
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proposed algorithm was found to give a good estimate of residual strength for I-section girders. 

It was also found that the residual strength of box-section girders was reasonably estimated by 

Naito et al. (2010a) approach. 

 

Figure 2.4. Rating recommendations for chloride-induced corrosion damage, proposed by  

Alfailakawi et al. (2020) [redrawn from Alfailakawi et al. (2020)].  

As an additional point, it is worth mentioning that various types of reinforcing materials, 

such as GFRP or CFRP bars (Aliasghar-Mamaghani and Khaloo, 2019, 2021; Hassanpour et 

al., 2022), exhibit corrosion resistance properties. However, considering the uncertainties 

surrounding their mechanical performance in service conditions, prestressing steel strands 

continue to be the prevailing choice of material in practical applications. 
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2.2 Mathematical Description of Chloride and Moisture Transport 

in Sound Concrete 

2.2.1 Chloride Transport 

Corrosion of prestressing strands embedded in concrete bridges is caused by the 

intrusion of chloride into the porous network of concrete in coastal bridges or those subjected 

to the use of deicing salts. The transport of chloride takes place through the porous network of 

the concrete by means of diffusive and advective transport. The former is driven by the 

concentration gradient, while the latter is caused by moisture flow which carries chloride ions. 

During the early stages of a structureôs life, the high alkalinity of concrete leads to the 

formation of a protective oxide film on the surface area of prestressing strands, which inhibits 

corrosion. The presence of chloride ions can lead to the destruction of the protective film, 

leading to the initiation and progression of the corrosion reaction. The content of chloride ions 

on the surface of prestressing strands or reinforcing bars was shown to give a good estimate of 

corrosion onset and structure service life (Weyers et al., 1994).  

The intrusion of corrosion-inducing chloride ions in concrete bridges is affected by a 

multitude of physical processes, including chemical diffusion, moisture transport, heat 

conduction, and coupled moisture, chloride, and heat transport. 

A commonly employed approach toward the prediction of chloride in concrete is a 

closed-form solution of Fickôs second law of diffusion (Collepardi et al., 1972; Hansen and 

Saouma, 1999a), as shown in equation (2.1). Fickôs second law is nothing but the application 

of the conservation of mass principle and the use of Fickôs first law of diffusion. The latter is 

simply chloride flux, i.e., the product of a diffusion coefficient and the concentration gradient. 
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where Cs is the surface chloride concentration, erf is the error function, x is the distance from 

the exposure surface, Dcl is the chloride diffusion coefficient, and t is time.  

The simplest assumption is to consider a time-independent value for the chloride 

diffusion coefficient (Collepardi et al., 1972; Weyers et al., 1994). Several researchers 

(Conjeaud, 1980; Buenfeld and Newman, 1987; Mangat and Molloy, 1994; Zhang et al., 2021) 

have recommended using a coefficient that depends on time. 

A study by Mangat and Molloy (1994) focused on the long-term prediction of chloride 

concentration in concrete. Several concrete mixes were considered to investigate the impact of 

different compositions on chloride diffusion coefficient. On the other hand, the dependency of 

chloride transport on time was investigated. A mathematical relation based on Fickôs second 

law was proposed, which incorporates the dependency of chloride transport with time. 

According to the results, the chemical diffusion coefficient was found to be affected by time, 

described by the following expression. 

 m

cl iD D t-=  (2.2) 

where m is an empirical coefficient governed by the water-to-cement ratio, and Di is the chloride 

diffusion coefficient at t = 1 second. Having obtained the dependence of the chloride diffusion 

coefficient with time, the authors proposed the following expression to describe the long-term 

intrusion of chloride in concrete.   
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(2.3) 

A number of research studies investigated the influence of physical processes on 

chloride diffusive transport, through analytical or computational schemes. Saetta et al. (1993) 

proposed a finite element framework for the transport of chemical species in concrete, which 

entailed chemical diffusion, moisture transport, cement hydration, and heat transfer. For the 

sake of simplicity, the implementation of various significant processes was only considered in 

the chloride diffusion coefficient, given by 

 
1 2 3( ) ( ) ( )cl iref eD D f T f t f h= Ö Ö Ö (2.4) 

where Diref is the reference chloride diffusion coefficient at temperatureT 23 C= ,̄ relative 

humidity 1.0h= , and cement hydration degree after 28 days. 1( )f T , 2 ( )ef t , and 3( )f h

describes the dependence of chemical diffusion on, heat, hydration degree, and moisture, 

respectively. According to the results, the pure chloride diffusion gave an inaccurate estimation 

of chloride content in concrete, and moisture transport was found to play a crucial role in 

describing chloride transport phenomena. The scheme was found capable of capturing chloride 

content inside partially saturated concrete, however, the need for further experimental was 

pointed out. 

Tang and Nilsson (1996) introduced an additional dependence on the depth from the 

exposure surface and proposed the following equation for the chloride diffusion coefficient. 

 
0

1 2 3( , ) ( ) ( ) ( )cl
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D
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where D0 is the diffusion coefficient of aged concrete, pore is the porosity of concrete, 1( )f T , 

2 ( )f t , and 3( )f x  describe the dependence on heat, age, and exposure depth, respectively. While 

the authors disregarded the impact of advection in the analysis, the proposed scheme was found 

capable of capturing the profile of chloride from the exposure surface, verified with chloride 

titration tests. In addition, the isolated facet of the diffusion phenomenon, described by Fickôs 

law, was found to give an inaccurate estimation of the chloride profile. 

Maruya et al. (1998) proposed a mathematical scheme to model chloride intrusion in 

concrete specimens with various mix compositions. They conducted experimental tests to 

measure the content of chloride in fully and partially saturated concrete specimens. The authors 

have also introduced a mathematical relation for specimens under wetting-drying cycles. 

According to the results, the model was capable of capturing the actual chloride profile of 

specimens under wetting-drying cycles. In general, the method was found to give a reliable 

estimate of the total chloride profile in various environments, namely submerged, tidal, or 

splash zones.   

A study by Hansen and Saouma (1999) focused on formulating a finite element 

framework to predict the depth of chloride penetration in concrete bridge decks.  The study 

relied on time- and temperature-dependent chloride diffusion coefficients, while neglecting the 

advective transport term. The time-dependent scheme relied on a model introduced by Mangat 

and Molloy (1994), while the temperature-dependent model uses Arrhenius law. The study also 

accounted for the impact of solar radiation, surface irradiation, and heat convection by 

considering different boundary conditions on the deck of the bridge specimen. According to the 

results, the isolated facet of the problem, i.e., time- or temperature-dependent formulations was 
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found incapable of describing the content of chloride in concrete, while a combination of the 

two gave a reliable estimate.   

Some researchers (Mangat and Molloy, 1994; Tang and Nilsson, 1996) considered the 

content of total chloride in the diffusion phenomenon, corresponding to the sum of two 

contributions, namely free and bound chloride. The former is mobile in the porous network of 

the concrete, while the latter is physically or chemically bound to the pore walls and is generally 

immobile. Chemically bound chloride is generated upon the formation of chloro-aluminate 

hydrates, such as Friedelôs salt 6 2 6 2 2(Ca Al O . CaCl . 10H O)and is in the solid phase, while 

physically bound chloride is adsorbed to the pore walls. Bound chloride can move under 

specific conditions, such as carbonation and reduction in pH (potential of hydrogen) of the 

concrete medium. The understanding of total chloride content is very important as the 

propensity of steel corrosion is affected by the total chloride concentration. 

 

Figure 2.5. Classification of chloride ions in concrete [redrawn from Maruya et al. (1998) 

and Maekawa (2008)].  

Shafei et al. (2012) proposed a finite element framework to obtain the chloride content 

and corrosion incidence of reinforced concrete structures. The diffusion process was expressed 

on the basis of Fickôs second law, with free chloride content as the field variable. They proposed 

a chloride diffusion coefficient which was a function of various physical processes: 
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where, 1( )f T , 2 ( )f h , 3( )f Á , 4 ( )ef t , and 5 ( )ff C  describe the dependence of chloride diffusion 

on heat, moisture, carbonation, age, and free chloride, respectively. While the proposed 

framework was deemed capable of capturing various significant phenomena, the need for 

experimental data from real-life bridges for model calibration and validation was pointed out. 

A study by Maekawa et al. (2003) focused on the multi-scale modeling of transport 

phenomena in structural concrete. Various physical processes including, coupled heat, 

moisture, chloride, carbon, and oxygen transport were taken into account. Contrary to most of 

the contributions in the literature that accounted for the impact of advection only on chloride 

diffusion coefficient, the authors introduced the impact of advection transport directly in the 

governing differential equation of chloride transport, which is indeed a crucial step for fully 

coupled analysis. According to the results, the holistic approach was capable of capturing 

various physical phenomena, verified with experimental results, and the advection-diffusion 

transport was found to play a significant role in the transport of chloride ions.   

Several researchers have focused on the transport of moisture in concrete structures 

(Baģant and Najjar, 1972; Nilsson, 2002; Maekawa et al., 2003; Baroghel-Bouny, 2007; 

Rahimi-Aghdam et al., 2019). This is of prime importance as moisture flow transport chloride 

ions and significantly affects the diffusion of chloride in the porous network of concrete.  

2.2.2 Moisture Transport 

A mathematical approach for the diffusion of moisture in unsaturated concrete was 

proposed by Baģant and Najjar (1972) . The field variable is termed relative humidity, instead 

of evaporable water content. This is because the self-desiccation term in the former was smaller 
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than that in the latter. Also, the selection of relative humidity was found to give an easy tool in 

practice, as the boundary conditions are usually expressed in terms of relative humidity. The 

transport of moisture was expressed by a nonlinear moisture diffusion coefficient, given by 

 
0

1 0
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1 [(1 ) / (1 )]nc
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h h
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a
è ø-

= +é ù
+ - -ê ú

 (2.7) 

where 0a , hc, n are model parameters, and c1 is the moisture diffusion coefficient in a fully 

saturated condition. The proposed law has an S-shaped behavior and is sensitive to model 

parameters, as shown in Figure 2.6. 

  

(a) Model parameters in moisture diffusion 

coefficient 

(b) Sensitivity of parameter n in moisture 

diffusion coefficient 

Figure 2.6. Moisture diffusion coefficient model, proposed by  Baģant and Najjar (1972) 

(illustrating for c1=1).  

According to the results, Baģant and Najjar (1972) found the transport of moisture 

strictly nonlinear, with a strong dependence on relative humidity content. The proposed 

approach was found to give a reliable estimate of moisture content in concrete specimens, 

verified with experimental data. They also recommended a range of values for model 

parameters, that are, 0.75ch º , 0a , n between 0.05 and 0.10, and 6 and 16, respectively. 
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The transport mechanism of moisture can be expressed in terms of pore pressure instead 

of relative humidity by the Kelvin equation (Baģant and Jir§sek, 2018) 

 
ln( )l

l

w

RT
p h

M

r
=  (2.8) 

where Pl is the pore pressure, Mw is the molar mass of water, and 
lris the liquid water density. 

Maekawa et al. (2003) proposed a transport mechanism for the diffusion of moisture on the 

basis of pore pressure by considering different phases of moisture, including liquid and gas 

states. According to the results, the model was found to give a reliable estimate of moisture 

content in concrete specimens, verified by experimental tests on the advection-diffusion 

phenomenon. 
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2.3 Mathematical Description of Chloride-induced Corrosion 

Damage in Concrete 

The presence of even hairline cracks in the vicinity of prestressing strands can be 

indicative of severe corrosion damage (Naito et al. 2010a). Corrosion-induced cracking is 

associated with the volumetric expansion of corrosion products, which exert swelling pressure 

on the surrounding concrete, leading to the development of tensile stresses, cracking, and even 

complete loss of concrete. 

A study by Maekawa et al. (2003) focused on the rate of corrosion reaction in 

reinforcing steel bars by proposing an approach based on thermodynamic electrochemistry. The 

electrode potentials of two half-cells were obtained based on the Nernst equation, which for the 

anodic reaction was given by: 

 
2lnFe Fe Fe

Fe

RT
E E h

z F
+

Q= +  (2.9) 

where FeE is the standard iron cell potential, FeE Qis the standard iron cell potential at 25C̄, R 

is the universal gas constant, Fez  is the number of charges in iron ion, and 2Fe
h + is the 

concentration of the iron ion. The potential of cathodic reaction was obtained from the 

following equation:  

 
2 2 2

2
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Q Q= +  (2.10) 

where 
2OE Qis the standard oxygen cell potential at 25C̄, 

2Oz  is the number of charge in 

oxygen, PQ is the atmospheric pressure, and 
2OP is the partial pressure of oxygen. In the next 

step, the authors considered local conservation of electric charge and proposed the following 

equation for anodic half-cell: 
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where ai is the electric current density at the anodic site, and 0
ai the electric current density in 

equilibrium at anode. The overvoltage for the cathodic half-cell is given by 
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where ci is the electric current density at cathodic site, and 0

ci the electric current density in 

equilibrium at cathode.  

Several researchers have proposed analytical approaches to model corrosion of 

reinforcing steel in concrete structures (Baģant, 1979; Molina et al., 1993; Youping and 

Richard, 1998; Hansen and Saouma, 1999b). A study by Baģant (1979) focused on the 

fundamental of the problem and proposed an analytical scheme for modeling corrosion of 

reinforcing steel in concrete structures. The scheme relied on multitude of processes, some of 

which were diffusion of moisture and oxygen, chloride transport, and electrochemical 

oxidation-reduction reaction through anodic and cathodic half cells. While the authors neatly 

reflected all the processes by mathematical formulations, the need for experimental verification 

and method improvement was pointed out. 

Molina et al. (1993) proposed a framework for time to first cracking of cover concrete 

caused by corrosion. The model accounts for the volumetric expansion of corrosion products 

and reduction in elastic modulus. The authors also proposed a mathematical relation to describe 

the depth of the corrosion attack based on current density, expressed by: 

 0.032x I tD = Ö ÖD (2.13) 
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where, xD is the penetration depth, mm , I is the current density, 2A cmm , and tDis the time 

increment, day. The analysis accounted for the occurrence and propagation of cracking by a 

smeared-fixed crack modeling approach. While the analytical approach could not give a reliable 

estimate of crack opening displacement, it could successfully characterize some of the 

experimentally observed behavior. The most controversial part of the analysis scheme was the 

volumetric expansion of corrosion products, and the need for robust numerical schemes in 

conjunction with experimental data on the parametric analysis of influential model parameters 

were pointed out. 

A study by Youping and Richard (1998) focused on modeling the time-to-corrosion 

cracking of reinforced concrete structures subjected to chloride ions. The proposed model 

accounted for the rate of rust production, which was a function of rebar diameter, and corrosion 

current density. According to the results, the model could reliably estimate the occurrence of 

corrosion cracking on the surface of specimens, verified with experimental test results. 

Several researchers have experimentally observed the occurrence of corrosion-induced 

cracking on the surface of reinforced concrete specimens (Al -Sulaimani et al., 1990; Cabrera, 

1996; Vidal et al., 2004). The extent of corrosion in reinforcing steel bars was found to be 

inversely proportional to concrete cover depth (Cabrera, 1996). While the ratio of cover depth 

to rebar diameter, 0cj , was found to have a pressing effect on the initiation of cracking, it did 

not affect the propagation of cracks (Vidal et al., 2004). 

Zhao et al. (2012) performed experimental tests to investigate the cracking pattern and 

rust distribution in artificially corroded reinforced concrete prisms. The specimens were 

subjected to saltwater spray under wetting-drying cycles for two years. The authors introduced 

a procedure for crack initiation, and rust diffusion, which relies on three different rust 
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configurations, and rusts were found to move in the cracks only in the last stage. As denoted in 

Figure 2.7, Rust1 appears in steel-concrete in black color, termed Fe3O4. Rust2 appears at the 

occurrence of surface cracking in dark-brown color, termed ɓ-FeO(OH). Rust3 occurs after 

surface cracking in reddish-brown color, termed Fe2O3.  

According to the results, the width of the cracks on the surface of the concrete was found 

linearly proportional to the corrosion of reinforcing steel bars. The width of the critical surface 

crack for predicting reinforcing steel corrosion on the surface of the concrete was defined as 

0.07 mm. An interesting conclusion of the research pertains to the mobility of corrosion 

products (rust). The penetration of rust into the corrosion-induced crack was observed after the 

occurrence of cracking on the surface of the specimens, however, corrosion products were 

found immobile before surface cracking. 

 

Figure 2.7. Crack initiation, progression, and rust intrusion in concrete due to chloride-

induced corrosion damage[figure from Zhao et al. (2012)].  

A study by Otieno et al. (2016) focused on chloride-induced corrosion damage for 

concrete structures in marine environments and proposed a mathematical relationship for the 

rate of corrosion. The scheme accounted for concrete quality, crack width, and cover depth. The 

authors have recommended a simplified expression for the rate of corrosion, given by: 
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 1010 0.02( 10 )90
900.06( 10 ) 0.21(0.64 )( / )

DD e

corr cri e c w
³³ -=  (2.14) 

where D90 is the chloride diffusion coefficient at 90 days, c is the cover depth, and wcr is the 

width of the crack. While the mathematical relation does not incorporate several influential 

parameters that might influence the physics of the problem, such as heat, and electrochemical 

process, it was shown to provide an easy tool and a reliable estimate of corrosion rate. 

The occurrence of cracking in concrete caused by volumetric expansion of corrosion 

products affects several intrinsic characteristics of concrete in transport phenomena. Several 

studies performed experimental tests to determine the impact of crack opening displacement on 

chloride diffusion coefficient (Win et al., 2004; Kato et al., 2005; Ismail et al., 2008; Akhavan 

and Rajabipour, 2013; Lu et al., 2017). A study by Win et al. (2004) concluded that the diffusion 

of chloride ions in cracked concrete is significantly affected by cracking. The transport 

mechanism was also found to be a function of water to cement ratio. Kato et al. (2005) found 

the diffusion coefficient a function of the crack width and proposed a simplified relationship to 

describe the diffusion of chloride in cracked concrete. According to the results, the model was 

found capable of capturing the actual chloride profile. 

Ismail et al. (2008) conducted experimental tests on several concrete specimens to 

investigate the influence of cracking on chemical diffusion after up to two years. The results 

show that for a crack opening displacement smaller than 30mm , diffusion of chloride was 

irrespective of cracking. Therefore, the authors reported 30 mm  as the crack opening 

displacement threshold.  

A computational study by (Ishida et al., 2009) focused on a phenomenological approach 

to describe the impact of cracking on chloride transport in fully saturated concrete. The authors 
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proposed the following chloride flux vector for the transport of chloride in sound and cracked 

concrete, which incorporates some features like constrictivity, and tortuosity.    

 
l cr cr

cl s cl cr cl cl

s cr

S S
J D D C

j j
d x d

å õ
=- + Ðæ ö

W Wç ÷
 (2.15) 

where sW and crW are the tortuosity of sound and cracked concrete, Sl and Scr are the saturation 

degree of sound and cracked concrete, sdis the constrictivity of sound concrete, x is model 

parameter, cr cr ew lj = , and  

 ( )( )40.99tanh 1.4 10 log 5.5 0.01cr cr crw wd è ø= ³ + +ê ú  (2.16) 

The constrictivity parameter, crd ,  reduces the transport of chloride for a small crack 

width. According to the results, the model gave a reliable estimate of the chloride profile in 

cracked concrete, which was verified with experimental tests. While the phenomenological 

approach gave a good estimate of experimental response, the author pointed out future 

validation for the application of the method in real-life structures. 

A study by Akhavan and Rajabipour (2013) focused on the influential parameters 

characterizing the transport of chloride in cracked concrete. The study relied on chloride 

migration tests on pre-cracked concrete samples with a crack width ranging from 20 to 100 mm

. According to the results, the diffusion coefficient was found linearly proportional to the crack 

volume fraction. In that respect, the proposed linear model gave a reliable estimate of chloride 

content in cracked concrete. A follow-up study by Lu et al. (2017) indicated that the frequency 

and spacing of cracks also impact the diffusion of chloride in cracked concrete. 

Park et al. (2012a) investigated the impact of cracking on chloride ingress in cracked 

concrete. They performed several chloride migration and saltwater spray tests on pre-cracked 
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concrete specimens. Subsequently, the authors proposed a numerical framework by introducing 

a Representative Element Volume (REV) approach for the transport of chloride in cracked 

concrete. The scheme accounted for several influential parameters in chloride diffusion 

coefficient in REV, given by   

 
cr cr

eq cl

a l

D
D D

R Sj

W
= +  (2.17) 

where crW is the tortuosity of the crack, Sl is the degree of saturation, jis the porosity, and  

0a crR A A= is the ratio of element to crack area, and  

 2 3(1 347.85 1642.5 4189.27 )cr cl cr cr crD D w w w= + - +  (2.18) 

The first term on the right-hand side of equation (2.17) denotes the dependence of the equivalent 

diffusion coefficient on the cracking. Results have shown that the proposed scheme could give 

a reliable estimate of chloride profile in cracked concrete, verified with experimental tests. In 

addition, the diffusion mechanism was found to be significantly affected by crack width. 

Cracking in cementitious materials also affects the pace of moisture transport, which 

may increase by several orders of magnitude. A study by Bazant et al. (1987) is one of the first 

documents in the literature that investigated the impact of cracking on the permeability of 

concrete structures. They performed experimental tests on several concrete specimens and 

proposed a mathematical formulation to describe moisture transport in cracked concrete 

structures. They proposed a mathematical relation shown in equation (2.19) for the permeability 

coefficient which incorporates the geometry of the crack in the calculation, in particular, it 

considers the spacing and width of the cracks as influential model parameters. 
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where K0 is the moisture diffusion coefficient in sound concrete, crd is the major crack width, 

k1 is a coefficient specifying crack passage with neck, and pa , and pb are fraction of pore size 

and length, respectively, as shown in Figure 2.8. 

 

Figure 2.8. Idealized definition of crack model parameters influencing moisture transport in 

cracked concrete, proposed Bazant et al. (1987) [redrawn from Bazant et al. (1987)]. 

The authors further simplified their approach and proposed a coefficient for crack 

geometry [i.e., the last term on the right-hand side of equation (2.19)], which reads as follows: 

 3

0 (1 )cr

cr cK K k
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d
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where 3

1 ( )c p pk k a b= , approximated as 5 210 mmck -= . According to the results, the moisture 

permeability coefficient in cracked concrete was proportional to the crack width cubed and 

inversely proportional to crack spacing. According to the results of the experimental tests, the 

proposed scheme was found to give a reliable estimate of moisture transport in cracked 

concrete. 

A study by Akhavan and Rajabipour (2012) focused on the impact of crack geometry 

on the permeability of moisture in cracked concrete. The authors proposed mathematical 

relationships to describe moisture transport in cracked concrete by incorporating various model 

parameters into account, such as crack width, crack tortuosity, and crack roughness. The 

crd p cra d

crl p crlb

s

J

J

J

J



Chapter 2. Review of Literature              

 

48 

 

tortuosity of the crack was defined as the ratio of the actual crack path, with respect to the 

shortest path possible (Xmax in Figure 2.9), and surface roughness denotes the wavy shapes of 

the crack mouth. The tortuosity of cracks was estimated by 

 2

max

cr

e

X

l
t =  (2.21) 

with Xmax and le being the shortest crack path and crack length, respectively, as shown in Figure 

2.9.   

 

Figure 2.9. Model parameters characterizing the tortuosity and surface roughness of cracks, 

proposed by Akhavan and Rajabipour (2012) [redrawn from Akhavan and Rajabipour 

(2012)].  

 The roughness of the crack was obtained in two steps, the first of which in local 

coordinate:  

 
,
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with model parameters shown in Figure 2.9. Subsequently, surface roughness was averaged 

over the length of the crack by 
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Considering the impact of crack geometries on moisture permeability, the following 

relationship was proposed: 

 2

1.512(1 8.8 )

cr cr

cr
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w
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 (2.24) 

where, 
, / 2r a g crR R w=  denotes the surface roughness of cracks. According to the results, the 

proposed moisture permeability coefficient gave a good estimate of moisture transport in 

cracked concrete. The analytical response was found sensitive to model parameters, and the 

best response was obtained from the best fitting with the experimental data for 0.21crt = , and 

, 8.9a gR mm= . 

Park et al. (2012b) performed experimental tests and developed a numerical scheme in 

cracked RVE to investigate the impact of cracking on the transport of moisture in concrete 

specimens. The proposed approach accounted for crack geometry and properties of moisture 

material, given by 

 4
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where 2 / 4cr pW = , h is the fluid viscosity, 
43.704 10n -= ³ , P is the vapor pressure, rc is the 

critical pore radius, and r is the pore radius. As shown in the last term on the right-hand side of 

equation (2.25), permeation in cracked concrete was correlated to the fourth power of crack 

opening displacement. Tests have shown that permeability in cracked concrete significantly 

increases for a crack width of more than 0.2 mm, in particular, for a crack opening displacement 

of 0.4 mm, the transport of moisture was found to be more than 1000 times that of the sound 

concrete. In the end, the proposed scheme was found to give a good estimate of permeability in 

cracked concrete. 
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The impact of cracking on permeability has been investigated by several researchers 

through a model which correlates the moisture permeability coefficient to the second power of 

crack opening displacement (Rastiello et al., 2014; Shin et al., 2017; Mengel et al., 2020), while 

other researchers have found a cubic relation between crack opening displacement and 

permeability coefficient (Fahy et al., 2017; Görtz et al., 2021). A numerical study by Görtz et 

al. (2021) investigated the impact of cracking on moisture transport in concrete. The proposed 

scheme incorporated the impact of cracking on the moisture permeability coefficient in a fully 

saturated condition and moisture capacity. The former was described by 

 2

12

cr cr

cr f

k e

gw w
K

v l
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where g is the gravitational acceleration, kv is the kinematic viscosity, and fz is a model 

parameter.  

While the isolated facet of the transport phenomena, i.e., moisture and chemical 

transport in cracked concrete are significantly affected by crack opening displacement, the 

coupling effect between the chloride and moisture transport, with the simultaneous existence 

of mechanical damage is of significant importance. Given the complexity of experimental tests 

under wetting-drying cycles and numerical difficulties, there have been few research studies in 

this area (Win et al., 2004; Kato et al., 2005; Lu et al., 2017). 
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2.4 Uncertainty Quantification  

The quantification of uncertainty for various model parameters in the analysis of 

chloride-induced corrosion damage in prestressed bridge girders provides insights into the 

underlying factors contributing to the variation in corrosion damage observed across different 

bridge segments. As an initial step, a literature review is deemed necessary for a better 

understanding of the range of key model parameters causing chloride-induced corrosion 

damage. While the range of the model parameters is provided in this section, the deciding 

factors for selecting impactful parameters will be postponed to subsequent sections. 

A comprehensive study by Weyers et al. (1994) focused on the service life estimate of 

several bridge girders across the united states. More than 2700 concrete samples were taken 

from 321 bridges subjected to the use of deicing salts for chloride concentration tests. The 

authors provided valuable experimental data on chloride titration tests and proposed a 

simplified tool based on Fickôs first law to describe the intrusion of chloride in concrete 

structures. According to the test results, the mean range of surface chloride was found to be 

between 1.07 kg/m3 (for the state of Arkansas) and 8.68 kg/m3 (for the state of New York), with 

a coefficient of variation of 0.72, and 0.58, respectively.  

McGee (1999) performed a series of chloride titration tests on several Tasmanian 

bridges and proposed a service life modeling approach for bridges exposed to saltwater spray 

based on the experimental tests on 1158 bridges. The author proposed a range of surface 

chloride for concrete bridges, characterized by their distance from the coastline. According to 

the results, the mean range of chloride was between 0.98 kg/m3 for bridges within 2.84 km from 

the coastline and 9.31 kg/m3 for bridges in the coastal zone with a coefficient of variation of 

0.653 and 0.487, respectively. 
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The concentration of chloride for concrete bridges exposed to saltwater spray was also 

investigated by Val (2007), who found a surface chloride of 7 kg/m3 for data collected from the 

atmospheric zone of the Mediterranean coast. 

The chloride diffusion coefficient is another influential parameter in the quantification 

of uncertainty of chloride-induced corrosion damage in concrete bridges. There is a multitude 

of parameters affecting diffusivity, the most important of which is concrete composition and 

time. The uncertainty of diffusivity can be found from a range of chloride diffusion coefficients 

reported in the literature, for instance: 

 ageŬ

ref

cl ref

age

t
D D

t

å õ
= æ öæ ö
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 (2.27) 

where reft is the time corresponds to the reference chloride diffusion coefficient refD , aget is 

specimen age, and agea is an age factor characterizing the temporal evolution of diffusion 

coefficient.  

Several researchers have studied the temporal evolution of chloride in concrete 

specimens. Mangat and Molloy (1994) conducted experimental tests on several concrete prisms 

and performed model validation with a simplified formulation based on Fickôs first law. They 

suggested various exponents for the temporal evolution of chloride, agea , ranging from 0.40 to 

0.86, and proposed the following equation:  
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w
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where w/c is the water-to-cement ratio.  
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A study by Maage et al. (1996) concluded a range for the age factor between 0.32 to 

0.96. Benz and Thomas (2001) found the age factor varying from 0.20 to 0.44 and proposed an 

empirical relationship, given by  

 %( ) %( )
0.2 0.4

50 70
age

FA SG
Ŭ

è ø
= + +é ù

ê ú
 (2.29) 

where FA and SG stand for fly ash and slag cementitious material. 

A study by Lu et al. (2015) focused on the advection diffusion of chloride ions in 

concrete specimens. A simplified transport model was developed to investigate the content of 

chloride under wetting-drying cycles and the impact of the age factor. According to the results, 

the author found a range for the age factor between 0.46 and 0.72. 

 Shafei et al. (2012) considered an age factor of 0.04, while the fib model code (Schießl 

et al., 2006) recommended a lower and upper bound of 0.0 and 1.0, with a mean value of 0.30 

and a standard deviation of 0.12. 

The moisture diffusion coefficient is another influential parameter in the quantification 

of uncertainty of chloride-induced corrosion damage in concrete bridges. The variability of 

moisture diffusivity is affected by various parameters, the most important of which is the 

concrete compositions. A study by Baģant and Najjar (1972) focused on moisture transport in 

concrete specimens in various settings. According to the fitting with the experimental data, the 

diffusion coefficient in fully saturated conditions without a temperature gradient was found to 

vary between
10 21.667 10 /m s-Ö and

10 24.421 10 /m s-Ö ,while the upper bound was found to be 

9 22.234 10 /m s-Ö  under a temperature gradient. 
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Fib model code for structural concrete (FIB, 2013) recommended a mathematical model 

for the moisture diffusion coefficient in concrete structures under a fully saturated condition, 

which is proportional to the compressive strength of concrete, given by 
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 (2.30) 

where, 8 210 /refC m s-= is the reference moisture diffusion coefficient and, cf¡is the concrete 

compressive strength. Given the lower and upper bound of 20 and 50 MPa for compressive 

strength of concrete, moisture diffusivity takes the value of 
10 28.333 10 /m s-Ö and 

10 22.381 10 /m s-Ö , respectively. 

Rahimi-Aghdam et al. (2019) established a mathematical treatment for the transport of 

moisture in concrete, which was a follow-up study on Baģant and Najjar (1972) model. The 

authors recommended a moisture diffusion coefficient given by 

 2

1 060[1 12( / 0.17) ] /C w c Ŭ Ŭ= + -  (2.31) 

where 0/Ŭ Ŭdenotes the hydration degree. Given a specific hydration degree, the moisture 

diffusivity coefficient for water-to-cement ratios of 0.30 and 0.65 varies 3.13 times. A study by 

Baģant and Jir§sek (2018) found that for a concrete specimen with good quality, the moisture 

diffusion coefficient in a fully saturated condition varies twice, between 
10 21.157 /m s-

 and 

10 22.315 10 /m s-Ö . 

Critical chloride content that corresponds to the chloride threshold depassivating the 

protective film formed on the surrounding area of prestressing steel is an influential model 

parameter in the uncertainty quantification of chloride-induced corrosion damage of bridge 

girders. A wide range of values based on the exposure environment and concrete compositions 

has been reported in the literature. 
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Stratfull et al. (1975) performed chloride titration tests on twenty-two bridge girders in 

the state of California in order to identify the critical chloride content characterizing corrosion 

incidence of prestressing strands. Based on the results, the authors recommended a critical 

chloride threshold of 0.59 kg/m3 for the initiation of active corrosion in concrete bridges. On 

the other hand, the chloride content of  2.97 kg/m3 on the surface of prestressing steel in one of 

the specimens was not found to lead to active corrosion, corroborating the uncertain state of the 

problem. 

A study by Vassie (1984) focused on the durability of concrete bridges. According to 

the results shown in Table 2.1, the probability of corrosion is related to the content of chloride 

ions in concrete bridges. While it was believed that a critical chloride threshold of 0.35% (of 

cement mass) corresponds to the incidence of corrosion, some specimens had shown signs of 

corrosion for smaller chloride values. 

Table 2.1. Threshold of the chloride characterizing the performance of bridges, reproduced 

from Vassie (1984).  

Chloride range (% of cement mass) 0.20% 
0.20-

0.35% 

0.35-

0.50% 

0.50-

1.00% 

1.00-

1.50% 
1.50% 

Number of cases investigated 99 86 43 105 59 54 

Number of corroded specimens 2 19 10 34 38 41 

Percentage of corroded specimens  2% 22% 23% 32% 64% 76% 

Hussain et al. (1996) performed a series of experimental tests to investigate the threshold 

of chloride initiating corrosion of reinforcing steel embedded in mortar specimens. According 

to the results, the threshold for free chloride was found irrespective of tricalcium aluminate 

(C3A) content, while the threshold based on the total chloride was influenced by C3A. In 

particular, the threshold of total chloride varied between 0.48 and 0.59, 0.73 and 0.85, 1.01 and 

1.20 (% of cement mass), for cement with 2.43, 7.59, and 14 % of C3A, respectively. 
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A study by Henriksen and Stoltzner (1993) focused on the propensity of chloride-

induced corrosion damage in various Danish bridge columns. Based on the chloride titration 

test results, a wide range of variability was found in the relation between chloride content and 

corrosion incidence. In particular, the minimum threshold for corrosion initiation was found 

0.05 % [ of concrete mass (or 0.30 % of cement mass assuming a 1:6 concrete to cement ratio)], 

while some specimens with a critical threshold of 0.10% [ of concrete mass (or 0.60% of cement 

mass] were found free from corrosion damage. Table 2.2 summarizes the critical chloride 

content threshold initiating the incidence of corrosion. 

Table 2.2. Threshold of the chloride characterizing chloride-induced corrosion damage in 

reinforced concrete specimens, reproduced from Henriksen and Stoltzner (1993).  

Chloride content at steel level 

(% of concrete mass) 
Ò 0.04 0.05 0.06 0.07 0.08 0.10 

Percentage of corroded cases 0% 40% 100% 33% 67% 92% 

A number of studies have focused on the critical chloride content in reinforced concrete 

specimens. Maekawa (2008) and Hussain and Ishida (2011) recommended a critical chloride 

content of 0.40% (of cement mass) for the incidence of corrosion. A study by Shafei et al. 

(2012) focused on corrosion in bridges suggested a chloride threshold of 1.0% (of cement mass) 

for corrosion initiation. Fib model code considered a range for critical chloride content with 

lower and upper bounds of 0.2 and 2.0 % (of cement mass) and a mean value of 0.60% (of 

cement mass) with a standard deviation of 0.15%.  

Several studies have dedicated their focus to the probabilistic approach in determining 

the corrosion initiation time of reinforcing steel in concrete. A study by Kong et al. (2002) 

focused on investigating the reliability of chloride penetration in fully saturated concrete as a 

mean to determine the corrosion initiation time. The analyses incorporated several model 
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parameters to account for the variability in factors influencing the onset of corrosion. The 

chloride distribution was obtained using a deterministic approach and then combined with a 

Monte Carlo simulation to study the temporal evolution of chloride influenced by two 

influential random variables. The study revealed that the distribution of water/cement ratio had 

a profound impact on the distribution of chloride. The Monte Carlo method demonstrated good 

capability in evaluating the propagation of uncertainty in the chloride distribution. Additionally, 

the method provided the probability of corrosion initiation through a cumulative distribution 

function. 

A study by Val and Trapper (2008), focused on providing a probabilistic overview of 

corrosion initiation by considering various physical processes. The analyses involved the 

consideration of various model parameters. Due to the aleatory nature of the problem and 

limited experimental data, the authors opted for normal distributions for surface and critical 

chloride, while assigning a log-normal distribution to the moisture and chloride diffusion 

coefficient. The study found that the variation in ambient relative humidity had a significant 

impact on chloride transport, which in turn characterized the time to first corrosion initiation. 

Notably, incorporating a two-dimensional account of exposure was found to substantially 

reduce the corrosion initiation time. 

Bastidas-Arteaga et al. (2011) employed a probabilistic framework to determine the 

concentration of corrosion-inducing chloride ions in concrete. The study focused specifically 

on unsaturated concrete and considered several physical processes. The evaluation of corrosion 

probability was carried out by comparing the content of chloride with the critical chloride. 
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Consistent with previous works, the distribution of critical chloride was assumed to 

constitute a normal distribution, while the distributions of moisture and chloride diffusion 

coefficient were considered log-normal. The primary probabilistic tool utilized in the research 

was Monte Carlo simulation. Considering a case with one-dimensional exposure condition, the 

probability of corrosion was found to be higher than 50% after around 25 years. On the other 

hand, for a case with two-dimensional exposure conditions, the corresponding duration was 

approximately 20 years.
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Chapter 3  

Analytical Evaluation of Corrosion-Induced 

Strength Degradation in Prestressed Bridge 

Girders 

This chapter presents a nonlinear finite element analysis approach to determine the 

impact of corrosion-induced damage on the load-carrying capacity of prestressed concrete 

bridge girders. The analyses rely on two types of models, namely, beam models and nonlinear 

truss models. The latter are deemed necessary to obtain reliable estimates of the shear capacity, 

as beam models are not well-tailored for capturing shear failures. A procedure to account for 

the reduction in area and deformability of corroded strands, based on visually observed 

corrosion damage, is proposed and implemented. The models are calibrated and validated with 

the results of experimental tests on prestressed girders which exhibited varying levels of 

corrosion-induced damage. This chapter is published in the Journal of Structural Engineering, 

volume 148, issue 11, 2022.  

 

Despite the significant amount of previous research focused on the impact of corrosion 

on the performance of bridge girders, there is still a need for analytical models which will enable 

the systematic parametric investigation of corrosion-damaged girders. The availability of 

validated simulation tools will allow the development of design-oriented procedures for 

evaluating the flexural and shear capacity of designed girders. This chapter employs 

computational simulation to elucidate the influence of corrosion damage on the load-carrying 
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capacity of prestressed bridge girders. Nonlinear beam models and truss models were used to 

analytically estimate the flexural and shear strength of prestressed girders with and without 

corrosion in the prestressing strands. The models are supplemented by an algorithm to account 

for visually observed corrosion on the mechanical resistance of the strands and concrete. The 

models are validated using the results of experimental tests on girders taken from two bridges 

in Virginia, which exhibited varying levels of corrosion damage. Additional analyses are 

conducted to quantitatively determine the strength degradation due to corrosion and assess the 

accuracy of simplified expressions for obtaining the ultimate capacity of damaged girders. 

3.1 Description of Experimentally Tested Girders 

The present study is focused on prestressed girders which had been removed from two 

bridges in Virginia. The cross-sectional geometry of the two types of girders is presented in 

Figure 3.1, while the layout of their shear reinforcement is presented in Figure 3.2 (Aliasghar-

Mamaghani et al., 2022).  

 

 

(a) I-section girder (b) Box-section girder 

Figure 3.1. Cross-sectional geometry for the two types of girders tested (dimensions in mm) 
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The girders were experimentally tested at the Thomas M. Murray Structures Laboratory 

of the Virginia Polytechnic Institute and State University (Alfailakawi et al. 2020; Al Rufaydah 

2021). All girders included Grade 270, stress-relieved, 7-wire strands with a nominal diameter 

of 11 mm (7/16 in.). Four of the girders had an I-section and were removed from the Lesner 

Bridge located in Virginia Beach after 49 years of service. These girders had a span of 15.16 

m (49 ft 9 in.), an AASHTO Type II section with 22 strands, a concrete top slab which had a 

thickness of 178 mm (7 in.) and included mild reinforcement, and a 51 mm (2 in.) concrete 

overlay, as shown in Figure 3.1(a). Each girder was cut from the bridge, and the slab of the as-

tested girders had an effective width of 965 mm (3 ft 2 in.). The girders were also reinforced 

with No. 4 stirrups, with a diameter of 13mm, for shear. The spacing of the stirrups varied along 

the length of the girder, as shown in Figure 3.2(a). 

 

 
(a) I-section girder 

 
(b) Box-section girder 

Figure 3.2. Shear reinforcement arrangement (dimensions in mm) 
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The remaining four girders had a box-section and were taken from the Aden Road 

Bridge located near Quantico, Virginia, after 34 years of service. They had a span of 16.76 m 

(55 ft), a sectional width of 1219 mm (4 ft), a sectional depth of 686 mm (2 ft 3 in.), and a total 

of 33 strands [Figure 3.1(b)]. They were reinforced with single and double U-shaped, No. 5 

stirrups, with a diameter of 16 mm and at a spacing of 152 mm, as shown in Figure 3.2(b). 

Prior to testing, the girder specimens were inspected for corrosion, and the location and 

extent of damage were recorded. The corrosion was due to chloride ingress, attributed to sea 

salt aerosols for the Lesner bridge and use of deicing salts for the Aden Road bridge. The 

observed damage had the form of cracks parallel to the axis of the girder or loss of concrete 

cover and exposure of strands, as shown in Figure 3.3a and Figure 3.3b, respectively. 

   
(a) Cracks parallel to girder axis 

 

   

(b) Section loss 

Figure 3.3. Examples of visually observed corrosion damage for tested girders 
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 The first I-section girder was in a relatively undamaged condition (given its age), the 

second and third I-girder had the damage presented in Figure 3.4a and Figure 3.4b, respectively, 

in the midspan regions, and the fourth girder had little visible damage.  

 

 

 

 

                  (a) Specimen 2                  (b) Specimen 3 

Figure 3.4. Typical observed damage for girders with an I-section 

 

The midspan regions of the first three box-section girders exhibited the corrosion 

damage shown in Figure 3.5. The fourth and final box-section girder specimen had the most 

severe corrosion damage, which also varied along the length of the specimen, as presented in 

Figure 3.6.  

 

   

(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 

Figure 3.5. Typical observed damage for girders with a box-section 
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(a) Observed damage along the length (view from bottom; dimensions in mm) 

 

   

(b) Cross-section in region A (c) Cross-section in region B (d) Cross-section in region C 

   

(e) Cross-section in 

region D 

(f) Cross-section in 

region E 

(g) Cross-section in 

region F 
Figure 3.6. Observed damage for box-section girder 4 

 

A detailed schematic presentation of the damage recorded for the various specimens 

prior to testing is provided in Figure 3.7 to Figure 3.12. The girders were experimentally tested 

as simply supported beams, subjected to monotonically increasing vertical downward forces 

until failure. Six of the girders (three of each type) were tested under a four-point bending setup, 

with two vertical forces applied at distances of 1.2 m (4 ft) from midspan. The shear-span-to-

total-span ratio for the flexure-dominated I- and box-section girders was 0.40 and 0.41, 

respectively, which corresponded to shear span-to-depth ratios of 5.2 for the I-section girder 

and 10.0 for the box-section girder. The remaining specimens, which were meant to provide the 

shear strength of the girders, were subjected to a single vertical load, applied at a distance of 

6325 5156 1930 1372 1016 457508

2972 965 8230 2083 762 762 584406

1219 229
152

152 152
102

127
152

533
309229

1524

16764

5 Exposed strands

3 Exposed strands
6 Exposed strands

3 Exposed strands

A B C D E F

Concrete loss Crack



Chapter 3. Analytical Evaluation of Corrosion-Induced Strength Degradation in Bridge Girders                                                                                                                                                                       

 

65 

 

1.8 m (6 ft) and 1.2 m (4 ft) from one of the two supports for the I- and box-section girders, 

which corresponded to shear span-to-depth ratios of 1.6 and 1.8, respectively. The span length 

in the shear tests for the I-section girder was 9.91 m (32 ft 6 in.), while the corresponding value 

for the box-section girder was 16.26 m (53 ft 4 in.). The placement of a single load at a very 

short distance from the support meant that the girder region between the applied load and the 

nearest support would be subjected to a very high shear force before the development of 

significant bending moments, thus ensuring that shear failure would occur before flexural 

failure. 

 
(a) Front elevation view 

 

(b) Back elevation view 

 

(c) Bottom view 

Figure 3.7. Observed damage along the length of I-section specimen 2 (dimensions in mm) 
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(a) Front elevation view 

 

(b) Back elevation view 

 

(c) Bottom view 

Figure 3.8. Observed damage along the length of I-section specimen 3 (dimensions in mm) 

 

 

(a) Front elevation view 

 
(b) Back elevation view 

 

(c) Bottom view 

Figure 3.9. Observed damage along the length of I-section specimen 4 (dimensions in mm) 
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(a) Front elevation view 

 
(b) Back elevation view 

 
(c) Bottom view 

Figure 3.10. Observed damage along the length of box-section specimen 1 (dimensions in 

mm) 

 

 

(a) Front elevation view 

 
(b) Back elevation view 

 
(c) Bottom view 

Figure 3.11. Observed damage along the length of box-section specimen 2 (dimensions in 

mm) 
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(a) Front elevation view 

 

(b) Back elevation view 

 
(c) Bottom view 

Figure 3.12. Observed damage along the length of box-section specimen 3 (dimensions in 

mm) 

 

3.2 Analysis Methodology 

The analytical simulations of the corrosion-damaged girders employed two modeling 

approaches, namely, beam models and nonlinear truss models. Both methods, together with the 

corresponding material laws, have been implemented in the research-oriented program FE-

MultiPhys (Koutromanos and Farhadi, 2018), which was used for the analyses presented herein.  

The first model type relies on discretizing a beam (line) member into multiple 2-node 

beam finite elements [Figure 3.13(a)], whose kinematics are governed by the Euler-Bernoulli 

theory (e.g., Koutromanos 2018). The finite element approximation uses linear polynomial 

interpolation functions for the axial displacement and cubic Hermitian polynomial interpolation 

functions for the transverse displacement (Koutromanos 2018). The calculation of the resistance 

of each element relies on a fiber sectional model [Figure 3.13(b)], wherein the beam cross-

section is subdivided into smaller regions, called fibers. Each fiber is assumed to have a constant 
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axial strain value obtained from the reference axial strain and curvature of the section. Separate 

fibers are used for the individual prestressing strands and reinforcing bars in the beam section. 

The stress of each fiber is obtained using a uniaxial stress-strain law. The axial force and 

bending moment of the cross-section are calculated as sums of the corresponding contributions 

of the individual fibers. Beam models have been shown to provide an accurate and numerically 

efficient solution for simulating the nonlinear response and ultimate resistance of flexure-

dominated beams (Dall'Asta and Dezi, 1998; Ariyawardena and Ghali, 2002; DallôAsta et al., 

2007). 

  

(a) 2-node element (b) Fiber cross-sectional law  

Figure 3.13. Beam elements used in analysis 

 

Nonlinear truss models were also created to simulate the response of girders that failed 

in shear, given the fact that shear failures (strength degradation associated with large, inclined 

cracks) cannot be accurately captured by beam-based models. Truss models (Panagiotou et al., 

2012) rely on the representation of a concrete member as an assemblage of horizontal, vertical, 

and inclined truss (line) elements, as shown in Figure 3.14(a). The inclined elements are meant 

to describe the compression field that develops in cracked members. Truss models have been 

extensively used with success for simulations of reinforced concrete (RC) wall (Panagiotou et 

al., 2012; Deng et al., 2021) and column (Moharrami et al., 2015) components undergoing shear 

failures. The only potential difficulty of nonlinear truss models is the need to manually define 
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the truss representation of an RC component, which may be cumbersome for practicing 

engineers. To address this potential issue, the analysis approach used herein, originally 

presented in Deng et al. (2021), is implemented in such a fashion that each truss standard panel 

ï consisting of four nodes in a rectangular arrangement connected through two horizontal, two 

vertical, and two diagonal truss elements ï is programmed as a rectangular, four-node macro-

element, as schematically summarized in Figure 3.14(b). The truss panel is represented as a 

rectangular element, facilitating the model definition and the post-processing of the results. 

However, the actual computations for the set of four nodes comprising the panel (i.e., the 

calculation of internal nodal force vector and tangent stiffness matrix for the specific nodes) 

use an underlying truss panel assemblage. The area of each element is established as the product 

of the in-plane effective width, beff, times the out-of-plane thickness of the concrete beam. The 

effective width values used for the various elements are schematically presented in Figure 3.14 

(c).  

 

 

 

 

 



Chapter 3. Analytical Evaluation of Corrosion-Induced Strength Degradation in Bridge Girders                                                                                                                                                                       

 

71 

 

 
 

(a) Modeling Procedure (b) Implementation as a rectangular macro-element 

[reproduced from Deng et al. (2021)with permission] 

    

(c) Effective width of truss cell components (vertical, horizontal, and diagonal) 

Figure 3.14. Nonlinear Truss Model 

 

3.3 Material Models 

3.3.1 Concrete Model 

The material stress-strain law used for the concrete is schematically summarized in 

Figure 3.15(a), and was originally formulated by Lu and Panagiotou (2014). The specific law 

can account for the nonlinear stress-strain relation before reaching the peak compressive 

strength, 
cf
¡and for the occurrence of softening associated with compressive crushing. The 

response in tension is assumed to be linearly elastic, until the stress reaches the tensile strength, 

tf , after which the model includes softening to account for tensile strength degradation 

associated with crack propagation.   
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(a) Stress-strain curve (b) Factor for transverse tension in inclined truss 

elements 

Figure 3.15. Concrete material model 

 

As mentioned in the previous section, the nonlinear truss models used in the analysis 

include inclined (diagonal) elements meant to describe the compression field forming in the 

webs of the beam girders. The effect of transverse tensile strains on the compressive resistance 

of these inclined elements is accounted for, in accordance with the Modified Compression Field 

Theory (Vecchio and Collins, 1986). Specifically, if an inclined truss element carries a 

compressive stress, then this stress is multiplied by a reduction coefficient ɓ, which is a function 

of the tensile strain ne in the direction perpendicular to the truss element as schematically 

shown in Figure 3.15(b).  

 The material law for concrete involves softening, which introduces spurious 

mesh-size effects in a finite element analysis, as explained in, e.g., Bazant and Planas (1997).  

A regularization, i.e. adjustment of the softening portions of the concrete stress-strain law, is 

conducted to address this issue. The present study adopts the regularization approach by Lu and 

Panagiotou (2014), which stipulates that the calibrated stress-strain laws of the concrete 

material correspond to a square panel with a given size, Lref, equal to 600 mm. If the actual 
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element size is different than Lref, then the softening portions of the stress-strain law will require 

adjustment, as explained in Lu and Panagiotou (2014). 

3.3.2 Steel Model 

The stress-strain behavior of the reinforcing and prestressing steel is described through 

the model by Kim and Koutromanos (2016). As shown in Figure 3.16(a), the specific material 

model can describe the salient features of the stress-strain curve for reinforcing bars, such as 

the yield plateau and nonlinear stress-strain relation in the strain-hardening regime. The model 

can also account for material rupture, by stipulating that the material at a given location loses 

the capability to carry stresses if an ever-increasing parameter D attains a user-defined threshold 

value Dcr. As described in more detail in Kim and Koutromanos (2016), D is related to the 

inelastic work accumulated under tensile stresses. The evolution of D is controlled by the 

following rate expression. 

 

0

2t

p

y

f
Ů  , if  f  > 0

D f

  otherwise

ëå õ
îîæ öæ ö=ìç ÷
î
îí

 (1) 

where f is the steel stress, fy is the yield stress, t is a material constant, and pe  is the rate of the 

plastic strain.  

With proper calibration, the material law is also capable of reproducing the 

experimentally determined stress-strain curve of prestressing strand specimens removed from 

the girders, as shown in Figure 3.16(b). As deduced from the same figure, several tested strand 

specimens ruptured before the development of any inelastic deformations. These specimens 

corresponded to strands which had visible corrosion damage.   
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(a) Stress-strain curve for reinforcing steel (b) Example calibration for prestressing strands 

Figure 3.16.  Material model for prestressing and reinforcing steel 

 

3.4 Accounting for Corrosion Damage  

The analytical models are properly adjusted to reflect the visually observed, corrosion-

induced damage in the bridge girders simulated. Two types of adjustment are conducted, 

namely, a reduction in the cross-sectional area of strands and a reduction in the deformability 

of the strand material. As mentioned earlier, the visually observed damage in the girders can be 

classified in one of two categories, namely, cracks which are aligned with the axis of the girder, 

or concrete section loss. The two types of damage for a cross-section, and the affected strands, 

are schematically presented in Figure 3.17a. As shown in the figure, a corrosion-related crack 

is assumed to affect the area of two sets of strands. Specifically, the area of the strands directly 

next to a crack is reduced by 40%, and the area of the adjacent strands (i.e., the strands in the 

vicinity of, but not directly next to a crack) is reduced by 20%. A strand is assumed to be directly 

next to a crack if its minimum distance from the crack is less than 4 cm, while it is assumed to 

be an adjacent strand if the same distance is between 4 cm and 8 cm. An adjustment is also 

conducted for regions with concrete spalling and exposure of the strands, also shown in Figure 

3.17a.  
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(a) Schematic explanation 
(b) Wires in strand directly next to crack  

Figure 3.17. Description of procedure to account for corrosion damage in analytical 

models 

Some of the girders considered in this study had been previously repaired by patching 

the regions where concrete loss and strand exposure had occurred. Investigation of these repairs 

demonstrated that strands within the patched region had little remaining cross-sectional area. 

Therefore, a reduction of 90% is applied to the area of the strands in such patched regions. 

Finally, it is worth mentioning that testing of the third box-girder specimen revealed that a 

significant amount of water had accumulated in the hollow region of the box section. This water 

flowed out of the girder after the occurrence of significant flexural cracking in the experimental 

test. The presence of this water (and the strand corrosion that it may have entailed) is accounted 

for in the model of that girder by a 15% reduction to the area of all strands in the affected region, 

i.e., the bottom flange of the section. As will be shown later, this reduction is important for 

obtaining accurate estimates of the flexural capacity. 

The deformability of several strands removed from the girders was found to have been 

reduced due to corrosion. To account for this effect, a modified calibration was adopted for 

heavily corroded wires. These are assumed to be the wires of all strands located in patched 

regions, and three out of the seven wires in the strands directly next to a crack. The stipulation 

that only three out of the seven wires will be heavily corroded for the latter type of strands is 
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based on previous recommendations in the literature (Jeon et al., 2019; Jeon et al., 2020) and 

the schematic considerations presented in Figure 3.17b, based on which three of the seven wires 

would be directly exposed to the atmosphere for a strand next to a crack. The heavily corroded 

wires are assumed to rupture at a tensile strain of 1%, which would correspond to rupture prior 

to yielding for the stress-strain curves presented in Figure 3.16b. It is worth mentioning that the 

value of 1% adopted herein for damaged wires is consistent with recommendations established 

in previous studies in the literature (Zhang et al., 2019; Jeon et al., 2020; Franceschini et al., 

2022).  

Concrete section loss associated with the corrosion-induced damage is also accounted 

for in the analyses, by reducing the area of the fibers in the sections of the beam elements and 

by reducing the area of the elements in the truss models of the shear-dominated girders. The 

properties of concrete in patched regions were assumed to be identical to those of the 

undamaged concrete. The impact of corrosion damage on the bond-slip behavior of the strands 

is neglected in the analyses. 

3.5 Analysis Results 

This section presents the results from the analyses of the eight girders which were 

experimentally tested. Each analysis began by first applying an initial (self-induced) strain in 

the strand material to obtain the effective prestressing of the strands (estimated from hand 

calculations). The values assigned to the various parameters of the concrete material model are 

summarized in Table 3.1. The compressive strength value for the girder and concrete deck was 

obtained from tests on cylindrical samples taken from each specimen. Given the compressive 

strength, the modulus of elasticity was estimated using the equation proposed in the ACI 318 
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Code (ACI, 2019). The concrete tensile strength ft was calibrated so that the cracking load value 

for each analysis matches the corresponding experimental value. 

Table 3.1. Properties of concrete for girder specimens and summary of material model 

parameters in the affected regions  

Specimen Location cf
¡ 

(MPa) 

cE  

(MPa) 

cintf  

(MPa) 

cresf  

(MPa) 
0e cinte  crese  tf

(MPa) 

cre
510-³  

IG1 
Deck 49.6 33347 42.2 5.0 0.0025 0.0028 0.004 2.3 6.97 

Girder 40.0 29930 34.0 4.0 0.0023 0.0027 0.004 2.0 6.68 

IG2 
Deck 24.1 23250 20.5 2.4 0.0018 0.0028 0.005 1.6 6.97 

Girder 38.6 29410 32.8 3.9 0.0022 0.0027 0.005 2.8 9.38 

IG3 
Deck 19.7 21017 16.8 2.0 0.0016 0.0025 0.003 1.5 6.97 

Girder 42.1 30694 35.7 4.2 0.0023 0.0028 0.005 4.0 13.14 

IG4 
Deck 29.4 25651 25.0 2.9 0.0019 0.0028 0.005 2.4 9.36 

Girder 37.0 28772 31.4 3.7 0.0022 0.0030 0.005 2.4 8.34 

BG1 Girder 50.3 33578 42.8 5.0 0.0025 0.0030 0.004 2.2 6.57 

BG2 Girder 49.6 33347 42.2 5.0 0.0025 0.0030 0.004 2.1 6.20 

BG3 Girder 45.7 32000 38.9 4.6 0.0024 0.0028 0.004 2.4 7.54 

BG4 Girder 41.9 30644 35.6 4.2 0.0023 0.0030 0.004 2.4 7.90 

 

 The steel constitutive model in the analysis of each specimen was calibrated using data 

from uniaxial tension tests on strand samples taken from the girders. The rupture strain for the 

strands was set equal to 4.5%, in accordance with pertinent material tests. The calibrated values 

used for the parameters of the steel material model are provided in Table 3.2.  

 

Table 3.2. Model parameters for reinforcing steel and prestressing wires 

Model sE

(MPa) 

yf

(MPa) 

1shf

(MPa) 

uf  

(MPa) 
she  1she  ue crD  

Rupture  

Strain 

Strand Wires 206843 1834 1903 1920 0.0088 0.0110 0.045 0.040 4.50% 

Corroded Wires 206843 1834 1903 1920 0.0088 0.0110 0.045 0.001 1.00% 

Mild Steel Bars  199948 334 448 519 0.0100 0.0490 0.160 0.350 16.00% 

Stirrups 199948 414 607 634 0.0100 0.0490 0.100 0.200 10.00% 
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The results of the analyses involving flexural failure are discussed first, followed by 

those for the two girders which incurred shear failure. The analysis for each damaged girder 

was repeated a second time, assuming the absence of any corrosion damage, to analytically 

determine the impact of corrosion on the capacity. To enable an evaluation of simplified, 

design-oriented procedures, the ultimate capacity of each girder with corrosion damage was 

estimated using the equations provided in AASHTO code (AASHTO, 2020), for flexure and 

shear, respectively, which are detailed through equation (3.1) to (3.5). 

The flexural resistance of girders is calculated by the following expression, based on 

the AASHTO LRFD Specifications (AASHTO, 2020). 

 
1

[ ( / 2)] [ ( / 2)] [ ( / 2)]

( ) [( / 2) ( / 2)]

n ps ps p s s s s s s

c w f f

M A f d a A f d a A f d a

f b b h a ha

¡ ¡ ¡= - + - - -

¡+ - -
 (3.1) 

where Aps is the area of prestressing steel; fps is the average prestressing steel stress; dp and ds 

are the distance from the extreme compression fiber to the centroid of prestressing strands and 

mild steel, respectively; As and fs are the area and stress of the mild steel; sA¡and sf¡are the area 

and stress of the mild compression steel; sd¡is the distance from the extreme compression fiber 

to the centroid of compression steel; 1aand 1bare compressive stress block factors; 1a cb= ; c 

is the distance from extreme compression fiber to neutral axis; b is the width of the memberôs 

compression face; hf is the compression flange depth. 

The shear capacity is obtained from the following equation (AASHTO, 2020).  

 n c s pV V V V= + + (3.2) 
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where Vp is the prestressing force component in the direction of the shear force, and Vc and Vs 

are the contributions of concrete and steel to the shear resistance. The value of Vc (in kip) is 

obtained from the following equation. 

 0.0316c c v vV f b dbl ¡=  (3.3) 

where 
cf
¡ is the compressive strength in ksi; bis a factor expressing the effect of shear and 

tensile stress transfer across diagonal cracks in concrete;lis the concrete density factor; bv is 

the effctive width of the web; dv is the effective shear depth. 

The value of Vs is given by: 

 [cot( ) cot( )]sin( ) /s v y vV A f d sq a a= +  (3.4) 

where Av is the area of shear reinforcement; s is the stirrup spacing in the longitudinal direction; 

ais the angle between the shear reinforcement bars and the beam axis; and q is the angle of 

the inclined compressive stress field. The value of ɗ (in degrees) can be obtained from the 

following equation (AASHTO, 2020). 

 29 3500 sq e= +  (3.5) 

where seis the tensile strain at the centroid of tension reinforcement in the longitudinal 

direction. 
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3.6 Results for Flexure-dominated Girders 

The analytically obtained load-displacement curves for the three flexure-dominated 

girders with an I-section are presented in Figure 3.18. The analysis for the undamaged first 

specimen accurately reproduced the experimentally recorded load-displacement curve, as 

shown in Figure 3.18(a). Strength degradation was caused by compressive crushing at the top 

of the deck, which was also the case in the experimental test. The relative error in the 

analytically obtained ultimate capacity was equal to 3.2%. It is worth mentioning that the 

experimental testing of the specimen encountered issues associated with the load setup, which 

necessitated the unloading of the girder before failure, and its subsequent reloading to the failure 

load. This unloading and reloading process is evident in the experimental curve of Figure 

3.18(a). As deduced from the same figure, the AASHTO strength formula gives a quite accurate 

estimate of the ultimate capacity. 

The analytical load-displacement curves for specimens 2 and 3 are compared to their 

experimental counterparts in Figure 3.18b and Figure 3.18c, respectively. These specimens had 

minor and extensive corrosion damage, respectively. The analyses provide excellent estimates 

of the experimentally recorded force-deformation response. It is worth mentioning that the 

small drops in strength obtained at various levels of displacement for specimen 3 are attributed 

to the rupture of individual strand wires. Figure 3.18b and Figure 3.18c also provide the load-

displacement curves obtained for an analysis of undamaged girders having the same cross-

sectional and material properties as the two specimens. As deduced from these figures, the 

corrosion damage had very minor impact on the behavior of Specimen 2, while it significantly 

impacted the response of Specimen 3, which experienced rupture of multiple strands. Specimen 

2 failed due to compressive crushing at the top of the deck slab, which was also the case for the 
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analysis of the undamaged girders. The estimated relative reduction in ultimate capacity due to 

corrosion damage is 6.3% for specimen 2 and 44.3% for specimen 3. The simplified strength 

estimation method based on the AASHTO code was found to be very accurate for Specimen 3, 

while it underestimated the capacity of Specimen 2 by 13.1%.  

  
(a) Specimen 1 (b) Specimen 2 

 
(c) Specimen 3 

Figure 3.18. Analysis results for flexure-dominated specimens with an I-section 

 

Figure 3.19 presents the analytically obtained load-displacement curves for the three 

box-section girders exhibiting a flexural failure mode, together with the corresponding 

experimental observations. The level of corrosion damage, determined from visual inspection, 

was moderate in the first two specimens and extensive in the third specimen. The computational 

models for the first two specimens gave very accurate reproductions of the load-displacement 
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curves, as deduced from Figure 3.19a and Figure 3.19b. The load-displacement response of 

Specimen 3 was not recorded during the experimental test, due to a malfunction in the data 

acquisition system. The only piece of information that was available after the test was the peak 

capacity, which has been accurately reproduced by the computational simulation with a relative 

error of 2.8%, as deduced from Figure 3.19(c). The simplified, AASHTO-based methodology 

gave accurate estimates of the peak capacity for the first two specimens, while it overestimated 

the capacity of the third specimen by 15.5%.  

It is worth noting that corrosion does not affect the deformability of the three specimens 

in the same way. Specifically, while corrosion is found to have reduced the deformability of 

specimen 1, it has entailed a very small decrease in the deformability of specimen 2 and has 

significantly increased the deformability of specimen 3. These results can be explained on the 

basis of the particular failure modes for each case. The undamaged versions for all three 

specimens fail due to concrete crushing at the top of the section in the constant-moment region. 

Corrosion damage leads to a reduction in the area (and, to some extent, deformability) of strands 

that participate in the tensile force at the bottom of the section developing the ultimate moment 

capacity. The corrosion damage for specimens 1 and 3 has sufficient extent to cause flexural 

failure due to strand rupture at the bottom of the section in the constant-moment region. The 

fact that strand rupture governs the behavior of specimen 3 leads to an increase in the ultimate 

deflection of that particular girder. Strand rupture for specimen 1 is much more pronounced, 

with individual, heavily corroded wires rupturing at early stages of the analysis. For this reason, 

the ultimate deflection, at which the load-carrying capacity is degraded due to extensive rupture 

of the strands, is lower than that of the undamaged version of the specimen. The corrosion 
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damage in the strands of specimen 2 slightly decreases the deformability of the section, which 

still fails due to compressive crushing of the concrete. 

    
(a) Specimen 1 (b) Specimen 2 

 
(c) Specimen 3 

Figure 3.19. Analysis results for flexure-dominated specimens with a box-section 

 

3.7 Analysis for Shear-dominated Girders  

The two shear-dominated girder specimens were analyzed using nonlinear truss models. 

The inclination angle ɗd was set equal to 34.6 degrees for both specimens, which was the 

average inclination angle of the shear cracks that formed in these specimens. The value of 

parameter ɓint in Figure 3.15b was set equal to 0.50 and 0.30 for I-section and box-section 
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specimen, respectively. The parameters ɓres, Ůint and Ůres in the same figure were assigned 

identical values for the two specimens, equal to 0.10, 0.01 and 0.025, respectively. 

 In both cases, failure occurred in the form of a large inclined crack, and the subsequent 

sudden strength degradation was associated with compressive web crushing. The truss models 

are capable of satisfactorily capturing the failure mechanism, as deduced from Figure 3.20 for 

the specimen with the I-section and Figure 3.21 for the specimen with the box-section. The 

analytically obtained load-displacement curves for the girders with an I-section and a box-

section are compared to their experimental counterparts in Figure 3.22a and Figure 3.22b, 

respectively. The I-section girder did not have significant corrosion damage in the affected 

region (i.e., within the shear span length), while the box-girder specimen had the significant 

damage presented in Figure 3.6. The analysis gave near-perfect matches of the ultimate strength 

of each girder, with a relative error of approximately 1.0% for both cases. The truss modeling 

approach led to overestimation of the initial stiffness, especially for the case of the specimen 

with an I-section. A hand calculation was conducted for the stiffness of each specimen, 

considering the actual cross-sectional dimensions and load setup and assuming linearly elastic 

material behavior. A straight line with a slope equal to the stiffness obtained with the hand 

calculation is provided in Figure 3.22a and Figure 3.22b. It is interesting to note that the 

experimentally obtained initial stiffness for the specimen with an I-section was much lower 

than the value obtained with the hand calculation. The latter value was practically equal to the 

initial stiffness of the analysis with the truss model.  While it was not possible to determine the 

source of the discrepancy between the analysis and the experiment for the specific case, it is 

important to emphasize that such discrepancy is not attributed to corrosion damage, as there 

were no significant pre-existing cracks in the affected regions which would justify a potential 
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reduction in the initial stiffness. The bond-slip deformations were also monitored for the 

specific specimen (Al Rufaydah, 2021) and they were negligible throughout the test, so they 

too cannot have been a factor for the obtained error in the initial stiffness.  

 

 
 

(a) Damage at end of test (b) Deformed mesh and principal strain contour 

at end of analysis 

Figure 3.20. Comparison between analytically obtained and experimentally observed damage 

pattern for the shear-dominated specimen with an I-section 

 

  

(a) Damage at end of test (b) Deformed mesh and principal strain contour 

at end of analysis 

Figure 3.21. Comparison between analytically obtained and experimentally observed damage 

pattern for the shear-dominated specimen with a box-section. 

Given that the specimen with the box-girder section had significant corrosion damage, 
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additional analysis of an identical, undamaged girder. The load-displacement curve obtained 

for the undamaged girder is included in Figure 3.22(b). A comparison of the curves obtained 

for the analyses of the undamaged and damaged girders indicates that corrosion had minimal 

impact on the ultimate capacity, which was practically identical for the two cases, but it 

significantly impacted the deformability of the girder. Specifically, the maximum displacement 

of the damaged girder was much higher, due to the reduced flexural stiffness corresponding to 

the damaged regions. The fact that corrosion did not impact the shear capacity was expected, 

as there was no damage in the stirrups or web concrete, i.e. in the regions which could 

potentially undermine the shear resistance mechanism. Figures 16a and 16b also provide the 

ultimate capacity values obtained using the equations in the AASHTO code (2020) with 

corrosion damage included. These equations underestimated the strength in both cases, with an 

error of 27.4% for the I-section girder and 25.4% for the box-section girder.  

 

  
(a) Girder with an I-section (b) Girder with a box-section 

Figure 3.22. Analysis results for shear-dominated specimens 
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3.8 Discussion 

The beam-based modeling scheme combined with the procedure to account for 

corrosion-induced damage was found to give excellent accuracy in terms of predicting the load-

displacement response of the six flexure-dominated specimens, for different cross-sectional 

shapes and varying levels of visually observed corrosion damage. Given the conceptual 

simplicity and algorithmic efficiency of this scheme, it can be effectively used for systematic 

parametric studies of corrosion-damaged girders, especially whenever the only information 

pertaining to the extent of corrosion stems from visual inspection, without more detailed 

measurements.  

The nonlinear truss modeling approach was capable of not only predicting the peak 

capacity of the two specimens that failed in shear, but also reproducing the failure mode and 

associated abrupt strength degradation. Given that only one of the two specimens with a shear 

failure had corrosion damage, and this damage was not related to the stirrups or the compression 

field developing in the web, the available experimental data did not include a case where 

corrosion could have affected the shear strength. Further experimental work on girders is 

necessary for conclusively determining whether excessive shear strength degradation might be 

a concern. The angle ɗd for the inclined truss elements in the analyses of the shear-dominated 

girders was determined based on the experimentally observed orientation of the shear cracks. 

If these models are to be used in predictive simulations of prestressed girders which have not 

been experimentally tested, then ɗd can be set equal to the inclination angle ɗ of the compression 

field in the web of the girder, estimated through the modified compression field theory approach 

in the AASHTO LRFD Specification (AASHTO, 2020). 
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An important consideration pertaining to the analysis of box-girders is associated with 

the possibility of having water trapped in the section of the girder, as observed for the third 

specimen with a box section. To ensure conservative analytical predictions, a reduction by 15% 

to all strands at the bottom flange of such girders is recommended. The impact of this reduction 

is demonstrated in Figure 3.23, which compares the analytically obtained load-displacement 

curve of the specimen to the corresponding curve obtained without applying the 15% reduction 

to the strand area. As explained in the previous section, the specific girder incurred a significant 

reduction to its capacity due to corrosion damage. It can be seen that neglecting the impact of 

the trapped water (and the associated reduction in strand area proposed herein) would 

overestimate the capacity, potentially leading to unconservative results.  

The capacity values obtained based on the AASHTO formulas also gave very good 

estimates of the corresponding experimental values, when appropriately accounting for a 

reduction in strand cross-sectional area based on inspection of the girder condition. Still, some 

caution may be necessary for the case of box-girders with significant levels of corrosion 

damage, as the AASHTO-based procedure may lead to unconservative capacity estimates. This 

was the case for the third specimen having a box-girder section in the present study. The 

experimental test data and modeling approaches presented in this paper can also be used to 

evaluate the accuracy of other simplified, design-oriented approaches to determine the capacity 

of prestressed girders [e.g., (Recupero et al., 2018; ACI, 2019; AASHTO, 2020; Alfailakawi et 

al., 2020; Al Rufaydah, 2021)]. 
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Figure 3.23. Impact of accounting for trapped water in analysis of Specimen 3 with a box-

section  

 
As a final remark, it is important to emphasize that the analyses presented in this paper 

were based on a number of simplifying assumptions, such as neglecting the effect of corrosion-

induced bond strength deterioration. While these simplifications did not have a significant 

impact on the analyses pursued herein, further studies may be necessary to investigate whether 

and under what circumstances they may lead to significantly unconservative estimates of the 

capacity. Additionally, the proposed methodology to account for corrosion damage will require 

future enhancements to enable the accurate simulation of, e.g., girders with corrosion-affected 

stirrups. 

3.9 Conclusions 

This study employed computational simulation to quantitatively estimate the impact of 

corrosion on the capacity of eight experimentally tested prestressed girders having an I- or box-

girder section. The analyses used two types of nonlinear models, namely, beam models with a 

fiber sectional law, and truss models. The latter approach was used for analyses involving shear 
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0

100

200

300

400

500

0 100 200 300 400 500 600
F

o
rc

e
 (

k
N

)
Deflection (mm)

Analysis (w/o 15% reduction)

Analysis (w/ 15% reduction)



Chapter 3. Analytical Evaluation of Corrosion-Induced Strength Degradation in Bridge Girders                                                                                                                                                                       

 

90 

 

and with a procedure to account for the impact of visually observed corrosion damage on the 

resistance of a girder section.  

The analytical models were capable of accurately reproducing the load-displacement 

response and failure modes for the girders. Additional analyses enabled the determination of 

the impact of corrosion on the flexural capacity, which was significant for several girders with 

visible corrosion damage. The use of the flexural strength equations in the AASHTO code 

generally gave satisfactory estimates of the peak capacity when accounting for corrosion section 

loss, but it overestimated the strength of one significantly damaged girder with a box section. 

An important consideration pertaining to box-girders is the possibility of having trapped water 

in the hollow space of the section, which may exacerbate the degradation of the strands. A 

conservative approach when evaluating the flexural capacity of such girders is to apply a small 

reduction to the area of all strands located below the level of the possibly trapped water. 

Corrosion damage of the longitudinal strands located at the bottom of the section was found to 

have minimal impact on the shear strength, but it significantly affected the deformability of a 

girder that failed in shear. The method will require enhancements to enable simulation of girders 

with corrosion damage not present in the specimens considered herein, e.g., damage in the web 

stirrups.
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Chapter 4  

Finite Element Analysis of Chloride Ingress in 

Prestressed Concrete Bridge Girders 

Accounting for Service-Life Ambient 

Conditions 

This chapter introduces a computational simulation scheme to describe the intrusion of 

corrosion-inducing chloride ions in prestressed bridge girders. This phenomenon impacts the 

durability of bridges in coastal zones or regions where deicing salts are used. The computational 

study is focused on two girders, decommissioned from separate bridges in Virginia after 34 and 

49 years of service. A time-dependent nonlinear finite element scheme accounting for coupled 

heat, moisture, and chloride transport, is formulated and used in the analyses. The model 

parameters are calibrated using data from material tests in the literature. Subsequently, two-

dimensional analyses are conducted to determine the evolution of chloride in the cross-sections 

of girders. The simulations are found capable of capturing the actual chloride content at various 

depths from the surface, measured through titration tests. Further investigations elucidate the 

impact of advective transport on chloride ingress and the accuracy of simplified, design-

oriented equations in the FIB code. This chapter is accepted for publication in the Journal of 

Structural Engineering. 

Despite the significant body of existing research focused on the chloride ingress in 

concrete specimens, there is still a need for development of computational simulation strategies 

accounting for multi-dimensional chloride intrusion, and the validation of simulation tools with 

experimental data from actual bridge girders. The availability of simulation tools predicting the 
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evolution of chloride content is crucial for the maintenance and ï if necessary - timely 

intervention to prevent extensive corrosion damage. This paper employs computational 

simulation to determine the extent of total chloride and the onset of corrosion in prestressed 

bridge girder sections. The finite element modeling approach accounts for various physical 

processes, namely, heat conduction, moisture movement, and chloride advective and diffusive 

transport. Contrary to prior studies, which have typically employed various simplifying 

assumptions and/or were validated with laboratory test specimens, the analysis approach 

described herein accounts for all important environmental factors which may affect the chloride 

ingress process, and is validated with measurements taken from actual bridge girders, 

decommissioned after decades of service.  

 The boundary conditions are mathematically formulated to account for heat convection, 

solar radiation, chemical convection, and moisture transfer across the faces of bridge girders, 

and use values representing the actual climatic data for a given bridge. The analysis scheme is 

supplemented with a necessary stabilization technique to suppress spatial instability for 

advective-dominated flow, and a new chloride binding isotherm is introduced for use in 

concrete made with ordinary Portland cement. The modeling scheme is calibrated with previous 

experimental tests on concrete cylindrical and prismatic specimens. Subsequently, a series of 

validation analyses is carried out, using data from chloride titration tests conducted on 

prestressed girders removed from two bridges in Virginia after 34 and 49 years of service. 

Further analyses explore the accuracy of the simplified, design-oriented Equation 5.1.143 of 

the FIB 2010 model code (FIB, 2013), for predicting the temporal evolution of chloride content 

in concrete bridges. 
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4.1 Description of the Girders 

The present study is focused on two prestressed bridge girder specimens, the chloride 

content of which was determined through titration tests at the Thomas M. Murray Structures 

Laboratory of the Virginia Polytechnic Institute and State University (Alfailakawi et al., 2020). 

The first specimen had an I-section with a top concrete slab and was removed from the Lesner 

Bridge located in Virginia Beach after 49 years of service. The girder was removed from the 

bridge by saw-cutting the slab on either side of the I-section girder. The testing was performed 

two years after the bridge demolition, which corresponded to an age of 51 years.  The second 

specimen is a girder with a box-section, removed from the Aden Road Bridge near Quantico, 

Virginia. The bridge was demolished after 34 years of service, and the girder was deposited at 

a different site. The girder had an age of 40 years during testing. The cross-sectional geometry 

of the two girder specimens is presented in Figure 4.1. The I-section girder had a concrete 

overlay (topping) with a thickness of 51 mm, while the box-section girder had a 38-mm thick 

asphalt topping, which was removed during the demolition process. Both bridges had a straight 

longitudinal configuration and their girders included Grade 270, stress-relieved, 7-wire strands 

with a nominal diameter of 11 mm (7/16 in.).  

 

 

(a) I-section girder (b) Box-section girder 

Figure 4.1. Cross-sectional geometry of girders (dimensions in mm) 
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The two tested girders exhibited significant corrosion damage, which was more 

pronounced for the strands located near the bottom corners of the sections. For the latter regions, 

extensive corrosion led to concrete cracking and even complete loss of cover. Figure 4.2 and 

Figure 4.3 present the condition of the girders near the end of service life, the extent of visually 

observed corrosion-induced damage and the damage maps for the cross-sections of the two 

girders. Subsequent removal, inspection and mechanical testing of strands removed from the 

two girders indicated that the bottom-most strands located away from the corners of each 

section were also corroded, but their damage was slight compared to the strands of the corners. 

 

(a) Condition of the bridge 

near the end of service life 

(b) Severe corrosion of 

strands near bottom 

corner and spalling of 

the concrete 

(c) Severe corrosion of 

wires 

(d) Typical estimated 

damage from visual 

inspection 

Figure 4.2. Corrosion-induced damage in the I-section girder 

 

(a) Condition of the 

bridge near the end of 

service life 

(b) Severe corrosion of 

strands near bottom 

corner and spalling of 

the concrete 

(c) Severe corrosion 

in bottom corner 

strands 

(d) Typical estimated 

damage from visual 

inspection 

Figure 4.3. Corrosion-induced damage in the box-section girder 
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4.2 Mathematical Model for Chloride Ingress 

The physical system considered, schematically presented in Figure 4.4, involves a 

bridge girder mathematically described as a domain ɋ and exposed to specific ambient 

conditions. The concrete material comprising the domain is regarded as a porous medium with 

a constant porosity ű. It is known that the porous network in a concrete medium, characterized 

by the pore morphology (porosity, shape and spatial arrangement of the pores), varies in space 

and time (Winslow and Liu, 1990; Kumar and Bhattacharjee, 2003; Aligizaki, 2005; Mehta and 

Monteiro, 2014), and is affected by the presence of aggregates and their interface with the 

cement paste. Still, the simplifying assumption for a spatially homogeneous, temporally 

constant porosity (or pore morphology) adopted in the present study, as well as neglecting the 

interaction between aggregate and cement paste will be shown to lead to acceptable accuracy 

for the analyses considered herein. 

The mathematical model involves three physical processes, namely, heat transfer, 

moisture transport and chemical transport of chlorides. The effect of the ambient conditions on 

the behavior of the system is quantified through the flow of heat, moisture and chlorides across 

the boundary surface ũ, which depends on the ambient environment. Specifically, the heat flow 

across the boundary depends on the ambient temperature and solar radiation, while the flow of 

moisture and chlorides across the boundary is affected by the ambient relative humidity and the 

surface chloride content, respectively.   

The following sections describe the governing differential equations, initial conditions, 

boundary conditions, and constitutive laws employed for the description of the heat transfer, 

moisture flow and chloride transport processes. The equations will involve three scalar fields, 

i.e., temperature T for heat transfer, relative humidity h for moisture flow and free chloride 
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concentration Cf for chemical transport. These fields will vary in terms of both the spatial 

coordinates vector, x , and time, t. 

While it is known that cracking can significantly affect the moisture (Bazant et al. 1987) 

and chloride transport (Ishida et al. 2009), as well as the heat transfer process (Ba et al. 2016), 

the present study employs the simplifying assumption of neglecting the impact of cracking. 

 

Figure 4.4. Schematic overview of problem setting 

4.3 Equations for Heat Transfer 

The governing differential equation for heat transfer is obtained by invoking the 

conservation of energy principle:  

 
0  T
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 (4.1) 

where T is the temperature field (K), ɟ and c are the density (kg/m3) and specific heat capacity 

of the material [J/(kgĀK)], and Tq is the heat flux vector field (W/m2). The present study assumes 

that the heat flux is entirely attributed to conduction, i.e. the presence of temperature 

differentials in the interior of the domain. This assumption is reflected through invoking 

Fourierôs constitutive law, stipulating that the heat flux is given by the following expression. 

 
T Tq k T=- Ð (4.2) 
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where Tk is the thermal conductivity [W/(mĀK)] and TÐ  is the gradient of the temperature field.  

The boundary condition stipulates that the heat flow across the boundary is the sum of 

two contributions. The first contribution is attributed to the difference between the body surface 

temperature, T, from the ambient temperature, Tamb. The second contribution is due to solar 

radiation. The mathematical expression for the boundary condition attains the following form. 

 
( )T T amb sq n T T qb= - - (4.3) 

where n  is the unit normal outward vector, Tb is a constant surface heat transfer coefficient 

[W/(m2ĀK)], and qs is the added heat per unit surface and per unit time due to solar radiation. 

The value of qs is obtained from the following expression (Dilger et al., 1983; Elbadry and 

Ghali, 1983). 

 
sq a I=  (4.4) 

where a is a dimensionless surface absorptivity factor and I is the solar irradiance (W/m2). The 

procedure employed to obtain the value of I is discussed in Appendix A.  

The mathematical description of heat flow is completed by establishing an initial 

condition for the temperature field, i.e. prescribing the value of the temperature in the domain 

ɋ at time t = 0 to equal t given field, T0. The initial condition is mathematically expressed as: 

 
0( , 0) ( )T x t T x= =  (4.5) 

4.4 Equations for Moisture Transport 

The moisture transport equations are meant to quantitatively describe the flow of 

evaporable water through the porous structure of the concrete. The governing differential 

equation is obtained by invoking the conservation of mass principle: 
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where w is the total moisture content [i.e. moisture mass per unit volume of concrete (kg/m3)] 

and jm  denotes the moisture mass flux vector [kg/(m2Ās)]. . The moisture content w is the sum 

of two parts, namely, the evaporable moisture content, we, and the chemically bound content. 

The latter is the so-called interlayer water, which is trapped between the cement C-S-H layers 

and can significantly vary only under severe conditions, e.g., temperatures higher than 550 C̄

(Baģant and Jir§sek, 2018). For this reason, the present study assumes that any change in the 

moisture content is entirely attributed to the evaporable moisture. The evaporable moisture 

content can change due to moisture flow or due to self-desiccation (internal drying) of the 

concrete. A number of studies (Buil, 1979; Baroghel-Bouny et al., 1999; Baģant and Jir§sek, 

2018) have reported that the effect of self-desiccation is insignificant after an age of 28 days. 

For this reason, the present paper uses the age of 28 days as the starting point of the moisture 

transport analysis, and neglects the impact of self-desiccation.  

Given that the field variable adopted herein for the mathematical description of moisture 

transport is the relative humidity h, Equation (4.6) can be transformed into the following form. 

 1
0

h
j

k t

µ
Ö +Ð =
µ

m  (4.7) 

where 
e

k h w=µ µ. A mathematical relation between we and h, corresponding to the so-called 

sorption isotherm, is established to enable the calculation of k. The shape of the isotherm 

depends on whether adsorption (increase in moisture content) or desorption (decrease in 

moisture content) is taking place (Coussy, 2011). This implies the presence of hysteretic 

mechanisms in the relation between moisture content and relative humidity, physically 

attributed to the so-called ink-bottle effect (Coussy, 2011; Baģant and Jir§sek, 2018) The 
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present study neglects this effect, and assumes a single-valued relation for the sorption 

isotherm. The isotherm depends on the water/binder ratio, type of cement, and admixture 

(Baroghel-Bouny, 2007), and a variety of equations have been formulated and used in the 

literature [e.g., (Langmuir, 1918; Brunauer et al., 1938; Hansen, 1985; Künzel, 1995)]. The 

isotherm adopted herein relies on the work by Van Genuchten (1980), and establishes the 

following equation:  

 ( )1 1

1 ( ln ) 1
m

m

e ew w b h
-

-è ø= - +
ê ú

 (4.8) 

where we1 (kg/m3) is the maximum possible value of evaporable moisture content and b, m are 

constant model parameters. It is worth noting at this point that the ratio of we over we1 equals 

the saturation degree Sl of the liquid moisture phase in the water pores.  

A phenomenological constitutive law is employed to relate the moisture flux vector, mj

, and the gradient in the relative humidity:  

 
mj D h=- Ðm

 (4.9) 

where mD is an apparent moisture permeability [kg/(mĀs)], whose value depends on the water 

content and the structure of the pore network (Servo and Pihlajavaara, 1969). The value of Dm 

depends on h in accordance with the model by Baģant and Najjar (1972): 

 

[ ]
0

1 0

1

1 (1 ) / (1 )
m r

c

Ŭ
D c Ŭ

h h

è ø-
= +é ù

+ - -é ùê ú

 (4.10) 

where 1c  [kg/(mĀs)] is the permeability at full saturation (i.e., at h = 1) and hc, r and 0Ŭ
 
are 

model parameters.  

The mathematical description for moisture flow is completed by the boundary and initial 

conditions. The former is mathematically expressed by the expression:  
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 (ln ln )m e ambj n ɖ h h= -  (4.11) 

where ɖe is a constant moisture emissivity coefficient [kg/(m2Ās)] and ambh is the ambient relative 

humidity (Baģant and Najjar, 1972). The initial condition for the moisture flow problem 

stipulates that the relative humidity at time 0t=  is equal to a given field, 0 ( )h x : 

 0( , 0) ( )h x t h x= =  (4.12) 

4.5 Equations for Chloride Transport 

The total chloride content in the concrete is the sum of two contributions, namely, the 

free chloride content, corresponding to ions which can move through the porous network of the 

concrete, and the bound chloride content, i.e. ions which are physically or chemically bound to 

the concrete and cannot move. The following equation must be satisfied: 

 
t f bC C C= +  (4.13) 

where Ct is the total chloride concentration (mol/m3) and Cf, Cb are the concentration values for 

the free and bound chlorides (mol/m3), respectively. Given the value of Cf, the corresponding 

total concentration value Ct can be obtained through the use of an appropriate binding isotherm. 

The present study proposes an isotherm for specimens made with ordinary Portland cement, 

which will be discussed in subsequent sections. 

The differential equation for chloride transport uses the concentration Cf as the field 

function and is obtained from the conservation of mass principle for the chloride species.  

 
( ) 0l f clS C j

t
j

µ
Ö Ö +Ð =

µ
 (4.14) 

where clj  is the chloride ion mass flux in the concrete [mol/(m2Ās)]. The equations for chloride 

transport account for the movement of the free chloride ions in the concrete pores, which is the 
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combined effect of two mechanisms (Maekawa et al., 2003; Maekawa, 2008; Ishida et al., 

2009). The first mechanism is diffusion, which is driven by gradients in the ion concentration 

in accordance with Fickôs law, and the second mechanism is advective transport driven by the 

velocity of the moisture flow. On this basis, the chloride flux vector at each location is given 

from the following equation. 

 
cl l cl f l fj S D C S v Cj j=- Ö Ö ÖÐ + Ö Ö Ö (4.15) 

where v  is the moisture flow velocity vector (m/s) and Dcl is the chloride diffusion coefficient 

(m2/s). The value of Dcl depends on the temperature T, in accordance with the following 

equation which corresponds to Arrhenius law:  

 

0

1 1
exp d

cl

ref

Q
D D

R T T

è øå õ
= Ö -é ùæ öæ ö

é ùç ÷ê ú

 (4.16) 

where 0D is a reference diffusion coefficient (m2/s), dQ is the activation energy (J/mol), R is the 

universal gas constant, equal to 8.3145 J/(molẗK), Tref is a reference temperature equal to 293.15 

K (20oC) and T is the absolute temperature. 

The boundary condition for chloride transport stipulates that the chloride mass flow 

across the boundary is proportional to the difference between the surface free chloride 

concentration Cf, and the ambient value of chloride concentration, Camb: 

 ( )cl cl f ambj n C Cb= -  (4.17) 

where clb (m/s) is a phenomenological surface chemical transport coefficient (Saetta et al., 

1993). Finally, the initial value of free chloride content throughout the domain, 0 ( )C x , is 

assumed to be given; thus, the initial condition equation attains the following form.  

 
0( , 0) ( )C x t C x= =  (4.18) 
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4.6 Weak Form and Finite Element Formulation 

Before introducing a finite element approximation, the governing equations for the 

mathematical model considered are transformed into their respective weak, i.e. variational 

form. This step, which has been described in previous pertinent papers and textbooks [e.g., 

(Donea and Huerta, 2003; Fish and Belytschko, 2007; Koutromanos, 2018)], is briefly 

summarized here for completeness. The weak form for heat transfer is obtained by multiplying 

the differential equation by an arbitrary continuous function w and integrating over the domain 

ɋ. After a series of mathematical manipulations, described in detail in, e.g. 

Koutromanos(2018), the following expression is finally obtained.  

 
[ ]( )T T amb s

ɋ ɋ ũ

T
w ɟ c dV k w TdV w ɓ T T q dS

t

µ
Ö Ö Ö + ÖÐ Ð =- Ö - -
µñññ ñññ ññ       

(4.19) 

 

The finite element formulation for heat transfer can now be obtained after discretizing 

the domain into multiple finite elements, and then stipulating that the temperature and 

temperature gradient fields are obtained from the following approximations. 

 [] (){ }e
T N Tº  (4.20) 

 [] (){ }e
T B TÐ º  (4.21) 

where 
(){ }e

T  is the nodal temperature vector for element óeô, [N] is the polynomial interpolation 

(shape) function array, and [B] is an array containing the derivatives of the interpolation 

functions with respect to the spatial coordinates, as explained in more detail in Koutromanos 

(2018). 
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Using the same type of approximation for the arbitrary function w and its gradient in 

equation (4.19) ultimately leads to the following global, semi-discrete equations for the heat 

transfer problem. 

 [ ]{} [ ]{} { }T T TC T K T F+ =  (4.22) 

where {T} is the nodal temperature vector for the entire finite element mesh, and 

{} {}T T t=µ µ. The arrays [CT], [KT] and the vector {FT} can be obtained through an assembly 

of the corresponding contributions 
()e
TCè ø

ê ú
, 

()e
TKè ø

ê ú
 and 

(){ }e

TF  of the individual finite elements. 

The element contributions can be shown to be obtained from the following expressions 

(Koutromanos, 2018).  

 () []
()

[]
T

e

e

T

ɋ

C N ɟc N dVè ø=
ê úñññ  (4.23) 

 () []
()

[] []
()

[]
e e

T Te

T T T

ɋ ũ

Ⱦ B k B dV N ɓ N dSè ø= +
ê úñññ ññ  (4.24) 

 (){ } []
()

( )
e

Te

T T amb s

ũ

F N ɓ T q dS= +ññ  (4.25) 

where ɋ(e) and ũ(e) denote the part of the domain and boundary, respectively, belonging to 

element óeô. 

The same procedure is followed for the moisture transport problem, yielding the weak 

form: 

 1
(ln ln )m e amb

h
w dV D w h dV wɖ h h dS

k t
W W G

µ
Ö Ö + ÖÐ Ð =- Ö -
µñññ ñññ ññ  (4.26) 

The global semi-discrete equation for the moisture transport is: 
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 [ ]{} [ ]{} { }m m mC h K h F+ =  (4.27) 

where {h} is the nodal relative humidity vector for the finite element mesh, { }h h t=µ µ, and 

arrays [Cm], [Km] and { mF } are obtained from the assembly of the corresponding element 

contributions 
()e
mCè ø

ê ú
, 

()e
mKè ø

ê ú
 and 

(){ }e

mF : 

 
[] []

( )

T( ) 1

e

e

mC N N dV
k

è ø=ê úñññ
̔ 

 (4.28) 

 () [] []
( )

T

e

e

m mK B D B dV

W

è ø=
ê úñññ  (4.29) 

and 

 (){ } []
( )

T

(ln ln )
e

e

m e ambF N h h dS

G

h=- -ññ  (4.30) 

It is worth noting that equations have a nonlinear dependence on the nodal vector {h}.  

The weak form for chloride transport can be developed by similar considerations as for 

the other problems. In the context of this study, the moisture flow is treated as incompressible, 

which in turn implies that the divergence of the moisture flow velocity vanishes, i.e. 0vÐ = . 

After a series of mathematical manipulations, the following expression is obtained.  

( )

   [ ( )]

l f l cl f l f

cl f amb

w S C dV S D w C dV w S v C dV
t

w ɓ C C dS

ű ű ű
W W W

G

µ
Ö Ö Ö + Ö Ö ÖÐ Ð + Ö Ö Ö Ð
µ

=- Ö -

ñññ ñññ ñññ

ññ
 (4.31) 

The third term on the left-hand side of Equation (31) is non-symmetric in terms of 

differentiation of w and Cf. As described in the following section, the non-symmetric term 

entails the need for the implementation and use of special numerical strategies (Donea and 

Huerta, 2003; Fish and Belytschko, 2007) to ensure accurate computational simulations.  
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The semi-discrete, finite element equation for chloride transport is: 

 [ ]{ } [ ]{ } { }cl f cl f clC C K C F+ =  (4.32) 

where {Cf} is the nodal free chloride concentration vector for the entire finite element mesh, 

{ }f fC C t=µ µ, and arrays [Ccl], [Kcl] and { clF } are obtained through the corresponding 

element contributions 
()e
clCè ø

ê ú
, 

()e
clKè ø

ê ú
 and 

(){ }e

clF : 

 [] []
( )

( )

e

Te

cl lC űN S N dV

W

è ø=ê úñññ  (4.33) 

 [] [] [] {}[] [] []
( ) ( ) ( )

( )

e e e

T T TTe

cl l cl l clK B S D B dV N S v B dV Nű ɓ N dSű

W W G

è ø= + +ê úñññ ñññ ññ (4.34) 

and 

 { } []
( )

( )

e

Te

cl cl ambF N ɓ C dS

G

=ññ  (4.35) 

4.7 Numerical Solution Scheme  

This section describes the numerical analysis scheme, which has been implemented in 

the finite element program FE-MultiPhys (Koutromanos and Farhadi, 2018). The analysis 

involves the solution of Equations (4.22), (4.27) and (4.32), which can all be cast in the 

following, generic form:  

 []{ } []{ } { }( ) ( ) ( )C X t K X t F t+ =  (4.36) 

where {X}  is the nodal value vector (temperature for heat transfer, relative humidity for 

moisture flow, and free chloride concentration for chloride transport). Equation (4.36) involves 

continuous functions of time, and it can be numerically solved using any time marching scheme 

algorithm, to provide the solution vector {X} at a set of distinct time instants. The present study 

adopts an implicit Backward Euler scheme for time-marching. As mentioned above, the 
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moisture transport equations are nonlinear. This happens because the coefficient arrays [C], [K] 

and the right-hand-side vector {F} depend on the nodal vector {X}. A Newton-Raphson 

iterative algorithm is employed to satisfy the nonlinear equations for moisture flow. 

Special consideration is necessary for the finite element solution of the chloride 

transport process, due to the presence of the advective term, i.e. the non-symmetric term of the 

weak form given by equation (4.32). It is well-established in the literature [e.g., (Donea and 

Huerta, 2003)] that the use of a standard finite element approximation is problematic for cases 

where advective transport is more pronounced than diffusive transport, as it may lead to a spatial 

instability of the numerical solution. The instability is manifested as a noise in the spatial 

distribution of the approximate field. To address this challenge, the analysis scheme for chloride 

transport employs a Streamline-Upwind Petrov-Galerkin (SUPG) stabilization approach 

(Donea and Huerta, 2003). The SUPG technique involves the introduction of an extra 

stabilizing term to the weak form and the corresponding finite element equations to suppress 

the propensity for spatial instabilities, as discussed in Appendix B.   

4.8 Model Calibration and Preliminary Analyses 

This section presents the calibration of the model parameters corresponding to heat 

transfer, moisture flow and chloride transport. Additionally, the results of analyses 

demonstrating the significance of accounting for the effect of advection on chloride transport 

in concrete are presented. The calibration relies on data from experimental tests in the literature, 

which used specimens with concrete properties close to those of the bridge girders, i.e., normal-

strength concrete with ordinary Portland cement without additives and a water-to-cement ratio 

close to 0.5. 



Chapter 4. Finite Element Analysis of Chloride Ingress in Prestressed Concrete Bridge Girders  

 

107 

 

4.8.1 Calibration of the Heat Transfer Parameters 

The model parameters corresponding to heat transfer are calibrated based on pertinent 

studies in the literature (Hansen and Saouma, 1999a; Samson and Marchand, 2007; Lee et al., 

2009; Yun et al., 2013; Baģant and Jir§sek, 2018). The present work adopts the value of 

2.5W (m K)Tk   for the thermal conductivity, and a heat capacity of 1000J (kg K)c  for 

concrete. The concrete density ɟ is set equal to 2400 kg/m3. The heat transfer coefficient Tɓ for 

the boundary is set equal to 20W/(m2·K), in accordance with recommendations by Elbadry and 

Ghali (1983).  

4.8.2 Calibration of the Moisture Transport Parameters 

The moisture model parameters are calibrated using the experimental data reported by 

Hanson (Hanson, 1968) for a normal-strength concrete specimen which had been cured for 28 

days in water, and was subsequently exposed to an environmental relative humidity h = 0.50. 

The cylindrical specimen was sealed at the top and bottom faces to only allow moisture outflow 

in the radial direction of the cylinder cross-sectional plane. Figure 4.5 shows that the 

analytically obtained evolution of relative humidity at various depths from the surface of the 

specimen closely matches the corresponding experimental observations. The analysis used the 

values 8

1 1.96 10 kg (m s)c -= ³ Ö, 0.69ch , 6.00r  and 0 0.01a  for the parameters 

affecting the apparent diffusion coefficient (Equation 10). The sorption isotherm parameters 

(Equation 8) were assigned the values we1 = 97.3 kg/m3, b = 3.10, m = 0.48, which can accurately 

reproduce the relation between relative humidity and moisture content measured by Baroghel-

Bouny (2007) for scenarios involving monotonic drying, i.e. desorption, as shown in Figure 

4.6a. It is important to note that Baroghel-Bouny (2007) also conducted experimental tests for 
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monotonic wetting, and a different calibration of the sorption isotherm would be required to 

match these experimental results. Specifically, as shown in Figure 4.6b, the parameters of 

Equation 8 were assigned the values we1 = 90.2 kg/m3, b = 17.00, m = 0.34 to match the data 

for monotonic wetting. The different calibration required for monotonic drying and wetting 

scenarios is due to the effect of hysteretic mechanisms in the relation between moisture content 

and relative humidity, i.e. the ink-bottle effect, as mentioned in the section describing the 

moisture transport equations. The ink-bottle effect has a thermodynamically metastable 

character (Baroghel-Bouny, 2007). This implies that the extent of hysteresis gradually 

diminishes with the application of multiple wetting-drying cycles and asymptotically tends to 

zero (Baroghel-Bouny, 2007). Consequently, the sorption isotherm under multiple 

wetting/drying cycles tends to become identical to the adsorption isotherm (i.e., the curve 

shown in Figure 4.6b). The remainder of the analyses in the present study involving moisture 

transport, including the analyses of the bridge girders, are focused on scenarios with very large 

number of wetting/drying cycles. For this reason, all these analyses use the calibration of the 

sorption isotherm with parameters corresponding to monotonic wetting.  

 

Figure 4.5. Results of calibration analysis for moisture transport using the experimental data 

in Hanson (1968) 
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       a) Drying (desorption)                        b) Wetting (adsorption) 

Figure 4.6. Calibration of sorption isotherm parameters for experimental tests by 

Baroghel-Bouny (2007)  

  

4.8.3 Calibration of the Chemical Transport Parameters 

The analysis of chloride transport requires the formulation and calibration of a binding 

isotherm, giving the relation between the free chloride concentration, Cf (obtained from the 

finite element computation) and the corresponding bound chloride content concentration, Cb. 

The latter value must be calculated, as the propensity for corrosion of the steel is affected by 

the total chloride concentration Ct, given by Equation (4.13). Based on pertinent experimental 

data from the literature (Sergi et al., 1992; Maruya, 1995; Maruya et al., 1998; Samson and 

Marchand, 2007; Maekawa, 2008; Baroghel-Bouny et al., 2009; Baroghel-Bouny et al., 2014), 

this paper uses the following mathematical expression for the isotherm. 

 
() ()( )

0.7

1.5
b m f m

C C=  (4.37) 

where 
()f m

C and 
()b m

C are the concentrations of free and bound chlorides, respectively, 

expressed as percentages of the cement mass. 

The binding isotherm and chemical diffusivity parameter Do for chloride transport have 

been calibrated with experimental data from (Sergi et al., 1992; Maruya, 1995; Maruya et al., 

1998; Maekawa, 2008; Baroghel-Bouny et al., 2009; Baroghel-Bouny et al., 2014; Gang et al., 
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2015), shown in Figure 4.7 and Figure 4.8 and pertaining to distributions of free and total 

chloride concentrations with depth in concrete and cement paste specimens. The calibration 

analyses yield a value 12 2

0 6.0 10 m sD -= ³ for concrete specimens. The calibrated parameters 

of chloride transport can accurately reproduce the free and total chloride distributions obtained 

in the various tests, as deduced from Figure 4.7 and Figure 4.8, respectively. 

 

   
(a) Specimen from (Baroghel-

Bouny et al., 2009; Baroghel-

Bouny et al., 2014) 

(b) Specimen from (Gang et 

al., 2015) 

(c) Specimen from (Sergi et 

al., 1992) 

Figure 4.7. Distributions of free chloride with depth obtained from calibration analyses 

 

   
(a) Specimen from 

(Baroghel-Bouny et al., 2009; 

Baroghel-Bouny et al., 2014) 

(b) Specimens from (Maruya, 

1995; Maekawa, 2008) 

(c) Specimen from (Sergi et 

al., 1992) 

Figure 4.8. Distributions of total chloride with depth obtained from calibration analyses 

It is important to mention that the experimental tests in (Sergi et al., 1992; Maruya et 

al., 1998; Baroghel-Bouny et al., 2009; Baroghel-Bouny et al., 2014; Gang et al., 2015) were 

conducted for specimens having an age of approximately 90 days. This age is significantly less 

than the service life of each girder. It is known (Conjeaud, 1980; Buenfeld and Newman, 1987; 
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Mangat and Molloy, 1994; Martēn-Pérez et al., 2001; Shafei et al., 2012; Lu et al., 2015) that 

the value of the chloride diffusion coefficient may be significantly reduced over time. To 

account for this effect in the analysis of the girders, the value of Do obtained from the calibration 

analyses is multiplied by the reduction factor 
0.47

(90 )aget , where tage is a representative age 

value for each bridge, set equal to 10950 days (i.e. 30 years) in the present study. The use of 

the specific expression for the reduction factor and the adopted value of tage are based on 

recommendations and findings by previous, pertinent studies (Mangat and Molloy, 1994; 

Martēn-Pérez et al., 2001; Shafei et al., 2012; Lu et al., 2015; Kim et al., 2016).  

The parameter Qd controlling the temperature effect on chloride diffusivity per Equation 

(16) is calibrated using experimental test data by Samson and Marchand (2007) on cement paste 

specimens and by Chen and Razaqpur  (2021a, 2021b) on cylindrical concrete specimens 

subjected to various temperature values. Specifically, Qd is set equal to 22 kJ/(molẗK) and 35 

kJ/(molẗK) for cement paste and concrete, respectively. The analytically obtained distributions 

of chloride content with depth at specific instants of the tests are compared to the corresponding 

experimental measurements in Figure 4.9a and Figure 4.9b, for the cement paste and concrete 

specimens, respectively. Overall, the analyses satisfactorily match the experimental 

observations. The most significant discrepancy is obtained for the concrete specimen tested at 

a temperature of -15oC. This observation is aligned with the claim made in previous studies 

(Samson and Marchand, 2007; Chen and Razaqpur, 2021a) that the validity of Arrhenius law 

is questionable for temperatures significantly lower than the so-called supercooling temperature 

of -7oC. Given that the temperature values of interest for the present study are not significantly 

lower than the supercooling temperature, the presence of such discrepancy is not a concern.  
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(a) Cement Paste Specimens (b) Concrete Specimens 

Figure 4.9. Calibration analyses for impact of temperature on chloride diffusion 

4.9 Analyses on Impact of Advection on Chloride Transport  

This section demonstrates the significance of the effect of advection on the chloride 

transport process. To this end, a series of analyses are conducted for experimental tests in the 

literature involving chloride ingress in concrete prisms under simultaneous application of cyclic 

wetting and drying. The analyses of this section employed the same calibration for the moisture 

transport parameters, except for the sorption isotherm. Given that the experiments considered 

herein involved cyclic wetting-drying (and not monotonic drying, as was the case in the analysis 

of Section 5.2), the parameters for the isotherm were assigned the values  we1 = 90.2 kg/m3 , b 

= 17.00, m = 0.34. The specific values, which are accurate for monotonic wetting (i.e. 

adsorption) according to Baroghel-Bouny (2007), were found to give more accurate results for 

the analyses of this section. The same values are adopted for the isotherm parameters in the 

analyses of the actual girders (described in the following section), as the specific analyses also 

involve wetting-drying cycles.  

The first analysis is conducted for the experiment of Maruya et al. (1998), focused on 

concrete prisms made with ordinary Portland cement and subjected to 42 wetting-drying cycles 

under a constant temperature of 20oC. The drying condition corresponded to an ambient relative 
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humidity of 60%, and the duration of each cycle was 14 days. The analysis for the specific 

specimen is conducted twice, i.e. with and without the effect of moisture-induced advective 

transport. The analysis including the advective transport effect gives time histories of chloride 

content at various depths which agree with the experimental measurements, as shown in Figure 

4.10(a). Neglecting the effect of advection leads to significant discrepancy between the 

analytical results and experimental data, as deduced from Figure 4.10(b). Similar observations 

are reached for the analyses of the tests by Gang et al. (2015) and Lu et al. (2015). The former 

tests involved a total of 50 wetting-drying cycles under a drying relative humidity of 75% and 

a temperature of 20oC, and the latter included 15 cycles with a drying relative humidity of 76% 

and a temperature of 16.3oC. As shown in Figure 4.11a and Figure 4.11b, which compare the 

analytical and experimental distributions of chloride content with depth at the end of each test, 

including the effect of advective transport is necessary for obtaining accurate results.  

  
(a) Results for analysis with advective term (b) Results for analysis without advective term 

Figure 4.10. Time-evolution of free chloride under different modeling schemes 
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(a) Test by Gang et al. (2015) (b) Test by Lu et al. (2015) 

Figure 4.11. Impact of advection on the analytically obtained chloride distribution with depth 

for experimental test specimens presented in the literature 

4.10 Analysis of the Bridge Girders 

This section describes the finite element analyses of the two girder specimens using the 

calibrated modeling scheme. Each analysis employs a two-dimensional mesh of the 

corresponding girder cross-section. The procedure to establish the ambient conditions in the 

model of each girder is presented first, followed with a discussion of the analysis results.   

4.10.1 Determination of Ambient Conditions 

The boundary conditions for the mathematical problems at hand require knowledge of 

the ambient temperature, Tamb, relative humidity, hamb, and chloride content, Camb. The heat flow 

across the boundary of each girder is also affected by solar radiation, which is assumed to affect 

the top surface of each girder. The determination of the ambient conditions over the service life 

of each bridge relied on first estimating representative annual histories of ambient conditions 

(i.e., each history having a 1-year duration) and then repeating the same histories for each 

additional year of service life.  
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The annual variation of ambient temperature and relative humidity were determined 

based on recorded data for the year 2010, retrieved from meteorological stations in the vicinity 

of the two bridges. The temperature and relative humidity data for the Lesner bridge are 

presented in Figure 4.12a and Figure 4.12b, respectively, while the corresponding data for the 

Aden Road bridge are shown in Figure 4.12c and Figure 4.12d. It is worth noting that the shape 

of the annual evolution of the relative humidity for the two bridges differs from the commonly 

adopted functional relation in the literature, corresponding to a sinusoidal function [e.g., (Saetta 

et al., 1993; Shafei et al., 2012)]. The data presented in Figure 4.12 corresponds to a sampling 

interval of 1 hour. This same value was used as the solution time-step for the finite element 

analyses of the two bridges. The calibration of the model parameters associated with solar 

radiation on the top surface of each girder is presented in Appendix A. 

  
(a) Temperature for I-section girder (b) Relative humidity for I-section girder 

  
(c) Temperature for box-section girder (d) Relative humidity for box-section 

girder 

Figure 4.12. Representative annual variation of temperature and relative humidity 

used for the analysis of the two girders.  
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Establishing the ambient chloride value, Camb, is a challenging task. A number of studies 

in the literature (Weyers et al., 1994; McGee, 1999; Val, 2007) proposed values for the surface 

chloride content, based on statistical processing of concrete samples collected from actual 

bridges. The value of Camb depends on the particular location of a bridge. For the Lesner bridge, 

which was located in a coastal region, the ambient chloride is primarily attributed to sea spray 

aerosols which carry sea salt particles to the surface of the girder. The analysis uses 

31.74kg mambC = , based on the recommendations by McGee (1999) for coastal bridges. The 

exposure to the ambient chloride content was assumed to apply for all exposed faces of the 

girder section shown in Figure 4.1a, apart from the left and right sides of the slab which were 

saw-cut during removal of the girder from the bridge. The specific sides were treated as 

impervious boundaries, i.e. boundaries which do not allow any flow of moisture or chloride, as 

they were not exposed to the ambient environment during the service life of the bridge. The 

Aden Road bridge was located away from the coast; for this reason, the chloride ingress was 

primarily attributed to the use of deicing salts. The value of ambient chloride assumed herein is 

31.06kg mambC = , based on the average surface chloride content values reported by Weyers 

et al. (1994).  A field inspection of the bridge during its service life had revealed that grouted 

shear keys between adjacent box girders had been damaged due to applied loads during the 

bridge service life. Thus, during application of deicing salts, saltwater would leak through the 

damaged shear keys, also running along the bottom of the box beam. To indirectly account for 

this effect, the exposure to the ambient chloride was assumed to apply for all boundary faces of 

the girder.  

As mentioned above, the girders from the Lesner and Aden Road bridges had been in 

service for 49 and 34 years, respectively, and after this point they were removed from the 
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bridges and stored for 2 and 6 years, respectively, before the actual chloride content was 

experimentally measured. To account for this effect in the analyses, the exposure to the ambient 

chloride content was enforced during the service life of each bridge, and a zero value of Camb 

was enforced for the part of the analysis corresponding to the storage of each girder away from 

the bridge. The ambient temperature and relative humidity conditions for the storage stage were 

assumed to be identical to those of the service life of each bridge. 

An additional complication for the analysis of the girder from the Aden Road bridge 

pertains to the presence of an asphalt overlay at the top surface of the girder during the service 

life, and the subsequent removal of this layer before the girder was stored away from the bridge. 

For simplicity, the elements in the asphalt layer have used the same values in the constitutive 

laws for the various physical processes as those adopted for the concrete. The removal of the 

asphalt layer is also accounted for in the analysis, through the deletion of the elements in the 

mesh corresponding to the asphalt layer at an age of 34 years. The top surface of the concrete 

girder during the storage was assumed to constitute an impervious boundary due to the 

demolition, for the portion of the analysis corresponding to the storage of the girder before 

testing.  

4.10.2 Analysis Results 

The analytically obtained distributions of chloride content with depth from the surface, 

obtained on the inclined and vertical lateral faces of the girder from Lesner bridge, are compared 

to the corresponding experimental measurements in Figure 4.13a and Figure 4.13b, 

respectively. The specific figures also include the distributions corresponding to the end of the 

girder service life. It can be seen that the analysis can well reproduce the corresponding 

experimental measurements. The 2-year storage of the girder after its service life, during which 
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time there was no exposure to chloride spray on the surface, leads to a significant reduction in 

the chloride content at very low depths from the surface, as deduced from a comparison of the 

chloride content curves at the end of service life to the curves obtained on test day. The contour 

plots of distributions of chloride content over the cross-section at the end of service life and on 

testing day are provided in Figure 4.13c and Figure 4.13d, respectively. The specific plots also 

indicate that the chloride content near the surface was much higher at the end of service life 

than during testing. An additional important remark pertains to the fact that the chloride content 

in the vicinity of the bottom corners is higher than the corresponding values away from the 

bottom corner regions. Similar observations are obtained from the analysis of the girder from 

Aden Road bridge. Figure 4.14a and Figure 4.14b provide the chloride distributions with depth 

from the lateral and top faces of the section, respectively. Once again, the analysis can well 

reproduce the experimentally measured chloride content distributions.  
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(a) Distribution with depth (inclined face) (b) Distribution with depth (vertical face) 

  

(c) Distribution over cross-section at end of 

girder service life  

(d) Distribution over cross-section on test 

day 

Figure 4.13. Chloride content obtained for analysis of I-section girder 
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(a) Distribution with depth (vertical face) (b) Distribution with depth in concrete (top 

face) 

  

(c) Distribution over cross-section at end of 

girder service life  

(d) Distribution over cross-section on test 

day 

Figure 4.14. Chloride content obtained for analysis of box-section girder 

 

Another aspect of the simulations that is worthy of consideration pertains to results of 

the heat transfer analysis. It is well-established that bridge structures are subjected to 

temperature gradients along the sectional depth, due to the fact that the top face of each girder 

is exposed to additional heat input due to solar radiation, while the bottom face is in the shade. 

Figure 4.15(a) provides the annual variation of temperature difference between the top and 

bottom face of the I-section girder. The temperature histories of the top and bottom faces of the 

girder, recorded over a five-day period during the summer and winter, are provided in Figure 

4.15(b). The average value for the maximum daily temperature difference during the winter, 

spring and summer is equal to 5oC, 9oC and 12oC, respectively, which are in close agreement 

with actual bridge data (Elbadry and Ghali, 1983; Okeil, 2014; Elshoura and Okeil, 2022).  

0.0

0.2

0.4

0.6

0.8

1.0

0 50 100 150 200 250 300 350 400

C
t
(%

 o
f 

c
e

m
e

n
t 

m
a

s
s
)

Depth (mm)

0100

Experiment

Analysis (end of service)

Analysis (test day)

150 50

0.0

0.1

0.2

0.3

0.4

0 20 40 60 80 100 120

C
t
(%

 o
f 

c
e

m
e

n
t 

m
a

s
s
)

Depth (mm)

Experiment

Analysis (end of service)

Analysis (test day)

0.86

0.76

0.66

0.55

0.44

0.32

0.19

0.00

(%)tC
0.86

0.76

0.66

0.55

0.44

0.32

0.19

0.00

(%)tC



Chapter 4. Finite Element Analysis of Chloride Ingress in Prestressed Concrete Bridge Girders  

 

121 

 

  
(a) Annual variation (b) Typical variation for a 5-day interval in 

the summer and winter 

Figure 4.15. Analytically obtained histories of temperature difference between top and 

bottom faces of the I-section girder. 

 

4.10.3 Estimation of Corrosion Initiation Time and Comparison with Simplified 

Equations 

The analytical results for the two girders can be used to estimate the corrosion initiation 

time and progress for the outermost prestressing strands in the sections of the two girders. This 

task requires the comparison of the analytically obtained chloride content at the location of the 

strands to an estimated critical chloride content, Ccrit, defined as the value which is expected to 

lead to breaking down of the passive film around the strands and the initiation of the corrosion 

electrochemical process. For the Lesner bridge, this study uses a critical chloride content value 

Ccrit = 0.6% (normalized with respect to the cement mass), based on recommendations provided 

in the FIB code (Schießl et al., 2006). The critical chloride content for structures exposed to 

deicing salts must be assigned a lower value (Vassie, 1984). For this reason, the value of Ccrit 

adopted for the Aden Road bridge is equal to 0.3% (normalized with respect to the cement 

mass), which is the average obtained from a number of references in the literature (Page and 

Vennesland, 1983; Vassie, 1984; Henriksen and Stoltzner, 1993; Standard, 1997; Oh et al., 

2004; Schießl et al., 2006; Kim et al., 2016).  

0

3

6

9

12

15

0 1 2 3 4 5 6 7 8 9 10 11 12

T
e
m
p
e
r
a
t
u
r
e
 
(

)

Time (month) 

F
e

b

M
a

r

A
p

r

M
a

y

J
u

n

J
u

l

A
u

g

S
e

p

O
c
t

N
o

v

D
e

c

J
a

n -10

0

10

20

30

40

50

0 24 48 72 96 120

T
e
m
p
e
r
a
t
u
r
e
 
(

)

Time (hours)

Top Bottom

winter summer



Chapter 4. Finite Element Analysis of Chloride Ingress in Prestressed Concrete Bridge Girders  

 

122 

 

Another point which is worthy of investigation pertains to the accuracy of simplified 

procedures to determine the evolution of the chloride content during the service life of concrete 

bridges. To this end, the time evolution of total chloride obtained from the finite element 

analyses is compared to the corresponding values calculated using the design-oriented equation 

of the FIB code (Schießl et al., 2006). The specific equation has been obtained by considering 

the solution of a time-dependent, one-dimensional diffusion problem. 

Figure 4.16a and Figure 4.16b compare the results obtained with the finite element 

analyses and the equations of the FIB code, for the girders taken from the Lesner and Aden 

Road bridge, respectively. The comparison is conducted in terms of the chloride content time 

histories at the location of the outermost strands for the section of each girder. Two different 

time histories are provided for the finite element analyses, i.e. one for a strand located in the 

corner of the section and another one for a strand located away from the corner of the section. 

For the Lesner bridge, the chloride content at the end of service life for the strands near the 

corner region was 32% higher than away from the corner. The corresponding value for the Aden 

Road bridge was 43%. It can also be seen in Figure 4.16a and Figure 4.16b that the approach 

of the FIB code systematically underestimates the chloride content obtained by the finite 

element analysis. The values of chloride concentration obtained by the FIB model at the end of 

service life for the Lesner and Aden Road bridge are 34% lower and 12% lower, respectively, 

for the regions away from the sectional corners. The underestimation is much more pronounced 

near the sectional corners, for which the validity of the assumption for one-dimensional chloride 

transport (on which the equations of the FIB code rely) breaks down. In these regions, the values 

obtained by the FIB code approach at the end of service life for the Lesner and Aden Road 
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bridge are 50% lower and 38% lower, respectively, than the corresponding values obtained 

from the finite element models. 

The plots in Figure 4.16a and Figure 4.16b also identify the value of critical chloride 

content, Ccrit, for each one of the two girders. The finite element analysis results indicate that 

corrosion would be expected to have taken place during the service life of the two bridges. 

Additionally, the chloride content at the corners of the section for each girder reaches the Ccrit 

value much earlier than away from the section corners, i.e. at an age of 13 years for the Lesner 

bridge and 12 years for the Aden Road bridge. These results indicate that the extent of corrosion 

would be expected to be more pronounced near the corners of the section for the two girders, 

which was indeed the case as deduced from Figure 4.2(c) and Figure 4.3(c). Assuming that 

corrosion takes place at a constant rate after the critical chloride content is exceeded in the 

vicinity of a strand, the Lesner bridge strands near and away from the sectional corners have 

been subjected to corrosion for a period of 30 and 17 years, respectively. The corresponding 

corrosion process time estimated for the Aden Road bridge is 17 years for the strands near the 

corner and 5 years for strands away from the corner. For the specific values of Ccrit adopted in 

the simulations of the two girders, the use of the method in the FIB code would not predict any 

corrosion propensity for the Lesner bridge, while it would predict initiation of corrosion for the 

Aden Road bridge, but at a much later time than that obtained with the finite element scheme 

proposed herein.  
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(a) I-section girder (Lesner bridge)      (b) Box-section girder (Aden Road bridge) 

Figure 4.16.  Comparison of analytically obtained chloride content evolution to estimated 

critical values corresponding to corrosion initiation and to results obtained with the simplified 

approach in the FIB code (FIB 2013)  

 

4.11 Discussion 

The calibrated modeling approach presented in the previous sections was found capable 

of capturing the experimentally measured chloride content for the two bridge specimens. As 

mentioned above, the calibration was focused on laboratory specimens with concrete properties 

similar to those of the tested bridge girders. The adoption of a number of simplifying 

assumptions, such as the use of porosity and chloride diffusivity values which do not vary over 

the course of a simulation and neglecting the effect of hysteresis in the sorption isotherm for 

cyclic wetting-drying, was not found to significantly impact the predictive capabilities of the 

finite element models. Still, further studies may be necessary to determine the general validity 

of the simplifying assumptions and whether a different calibration may be required for bridges 

with different concrete types. 

As mentioned in the previous sections, the finite element equations for chloride transport 

included SUPG stabilization to prevent the occurrence of spatial instabilities in the solution. 

The susceptibility of an advection-diffusion finite element computation to spatial instabilities 
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can be determined on the basis of the Peclet number, Pe, which expresses the relative 

significance of the advective and diffusive transport terms (Donea and Huerta, 2003; Fish and 

Belytschko, 2007). Values of Pe greater than 1.0 imply that advection dominates and spatial 

instabilities are expected to occur unless a stabilization technique is employed. The analyses 

for the girders gave Peclet numbers which often far exceeded 1.0, thus verifying the need for 

the incorporation of the SUPG stabilization in the solution of the finite element equations for 

chloride transport. In fact, the absolute maximum value of Pe obtained in the two analyses 

equaled 159.7.  

Another finding from the finite element analyses pertains to the fact that the chloride 

content in the vicinity of the sectional corners is much greater than that away from the corners. 

As mentioned above, this result is aligned with the actual corrosion-induced damage in the 

girder specimens, which was more pronounced in the corner regions. An implication of this 

finding is that analysis approaches considering unidirectional chloride transport along the 

thickness [such as the ones presented in, e.g., (Mangat and Molloy, 1994; Tang and Nilsson, 

1996; Hansen and Saouma, 1999a) may not provide reliable estimates of the corrosion initiation 

time for the strands in the vicinity of the corner.  

An interesting question is related to the significance of the advective transport 

mechanism and to the sensitivity to the analytically obtained chloride content to the fluctuations 

of the ambient temperature and relative humidity. To elucidate the impact of the aforementioned 

modeling assumptions, the analysis for the Lesner Bridge girder has been repeated several 

times. The first repetition neglected the impact of advective transport on the chloride ingress 

process. The second repetition assumed a constant value for the ambient temperature, Tamb, and 

relative humidity, hamb, equal to 15.9oC and 0.66, respectively. These are the mean annual 
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values of temperature and relative humidity obtained from the weather station records. The third 

and final repetition accounted for the fluctuations (with time) to the value of hamb, but assumed 

a constant value of 15.9oC for Tamb. The chloride content histories near the corner of the Lesner 

Bridge girder section obtained for the various repetitions of the simulation are compared in 

Figure 4.17. One first key remark is that neglecting the effect of advective transport can lead 

to significant underestimation in the chloride content. The same applies if the analysis uses a 

constant value for the ambient temperature and relative humidity. This finding corroborates the 

conclusions of an earlier study by Flint et al. (2014) who had determined that using averaged 

values (with time) for the ambient climatic conditions can lead to unacceptable errors for 

coupled heat/mass transport simulations. Finally, it can be seen that the use of a constant value 

only for the ambient temperature has negligible impact on the results, indicating that the main 

source of error associated with constant values in ambient conditions is associated with the 

relative humidity. This is obviously due to the profound effect that relative humidity 

fluctuations have on the advective transport mechanism. The observations stemming from the 

results of Figure 4.17 also apply to the chloride content time histories for a location away from 

the corner of the cross-section. 

 

Figure 4.17.  Impact of various modeling assumptions on the analytically obtained evolution 

of chloride content in the corner region of the I-section (Lesner bridge) girder 
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It is important to reiterate that the analyses presented in the present study neglected the 

impact of corrosion-induced cracking on the chloride ingress mechanism. While this effect may 

not be very significant for estimating the corrosion initiation time for a girder exposed to 

chloride ingress, it must be accounted for in cases aiming to, e.g., quantitatively determine the 

occurrence and temporal evolution of cracking damage and the reduction in the load-bearing 

capacity of bridge girders. Another aspect which was not considered in the present study and 

may warrant future investigations is the potential occurrence of unusual or even extreme 

weather events and its impact on the evolution of the chloride content. Thus, despite the fact 

that the analytical scheme presented herein can provide insights into the durability and potential 

need for intervention to address corrosion-induced damage in prestressed bridges, there is still 

a need for follow-up research to further enhance the understanding of chloride-induced 

corrosion.  

The use of the design-oriented procedure in the FIB code was found to generally give 

unconservative results in terms of chloride content and possibility for corrosion. It is important 

to further investigate the accuracy of the method with measurements taken from actual bridges, 

to determine whether modifications are required to enhance the accuracy of the specific 

procedure.  

4.12 Conclusions 

This study presented a computational simulation framework for describing chloride 

ingress in prestressed concrete bridge girders. The framework, based on a finite element 

formulation considering heat transfer, moisture flow and chloride transport, was calibrated with 

material test data from the literature and validated with data from chloride measurements 
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conducted on two prestressed girders, which were removed from two bridges in Virginia and 

exhibited corrosion-induced damage. Further analyses demonstrated the significance of 

advective chloride transport entailed by the moisture flow, as neglecting the effect of this 

mechanism was found to lead to significant underestimation of the chloride content. The 

analyses of the girders were shown to satisfactorily reproduce the experimentally measured 

distributions of chloride content with depth, while also having the capability to account for the 

impact of the storage of the girders away from the bridges before the tests. A comparison of the 

chloride content with the respective critical value estimates, corresponding to corrosion onset, 

shows that corrosion damage would be expected for both girders, especially for strands in the 

vicinity of the sectional corners. This finding agrees with the actual corrosion damage that the 

girders exhibited. The simplified, design-oriented equations of the FIB code were generally 

found to underestimate the actual chloride content, something that indicates that the specific 

equations may not lead to conservative results when used to evaluate the possibility for 

corrosion and the anticipated corrosion initiation time for a bridge girder. 
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Chapter 5  

Coupled Multiphysics Modeling of Chloride-

Induced Mechanical Damage in Concrete 

Bridges 

This chapter introduces a simulation scheme to account for corrosion-induced 

mechanical damage (i.e. cracking) in concrete structures, by incorporating a phenomenological 

description of the electrochemical oxidation-reduction reaction kinetics, generation of 

expansive corrosion products, and subsequent development of tensile stresses and damage in 

the surrounding concrete. The impact of cracking on the mass transport mechanisms of moisture 

and chlorides is also accounted for. The modeling scheme is validated using data from 

experimental tests on concrete specimens. Subsequently, the modeling scheme was applied to 

real-life bridge girders. The simulations are found capable of capturing the time to first surface 

cracking, spalling of concrete near cross-sectional corner region, verified with experimental test 

on bridge structures. 

5.1 Description of the Girders 

The proposed coupled Multiphysics scheme is primarily focused on two concrete bridge 

girders, decommissioned from bridges in the state of Virginia. The girders were selected for 

their ability to provide insights into the prevalent bridge construction practices, both within and 

outside of coastal areas.  The first specimen was procured from the Lesner Bridge, located in 

Virginia Beach, which had been in operation for a duration of 49 years. The extraction process 
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necessitated saw-cutting the slab on both sides of the girder to separate it from the rest of the 

bridge structure, which resulted in an I-shaped cross-sectional geometry for the girder 

specimen. In order to assess the long-term performance of the bridge, a chloride titration test 

was performed on the girder, two years after the bridge's demolition, which corresponds to an 

age of 51 years. The other specimen had a box-shaped cross-section and was removed from the 

Aden Road Bridge near Quantico, Virginia after 34 years of service. Following its removal, the 

girder was deposited at a separate location and later subjected to testing at 40 years of age. The 

I-section girder was featured with a 51 mm thick concrete overlay, whereas the box-section 

girder had a 38 mm asphalt topping that was removed during the deconstruction process. 

Both girders exhibited a variety of damage from cracking to the spalling of the concrete, 

which was particularly pronounced in the cross-sectional corner regions. An overview of the 

condition of the girders near the end of their service life characterizing the extent of the 

corrosion damage, is shown in Figure 5.1 and Figure 5.3. 

 

(a) Condition of the bridge 

near the end of service life 

(b) Corrosion damage, 

bottom view 

(c) Corrosion 

damage, side view 

(d) Repaired area, 

bottom view 

Figure 5.1. Corrosion-induced damage in I-section bridge girders at different locations. 
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(a) Condition of the bridge 

near the end of service life 

(b) Corrosion damage, 

side view 

(c) corrosion-induced 

crack, bottom view 

(d) corrosion-induced 

crack, side view 

Figure 5.2. Corrosion-induced damage in box-section bridge girders at different locations. 

5.2 Mathematical Model 

The mathematical model corresponds to a bridge girder which constitutes the domain ɋ 

of the physical processes affecting the intrusion of chloride in concrete. The mathematical 

model comprises five distinct physical processes, including heat transfer, moisture transport, 

chloride transport, electrochemical oxidation-reduction reactions, and mechanical damage. The 

boundary conditions across the surface ũ entail radiation form the sun, and the flow of heat, 

moisture, and chlorine. The following sections detail the governing differential equations that 

describe the kinetics of various physical processes. 

5.2.1 Equations for Heat Transfer 

The conservation of energy principle underpins the governing differential equation for 

heat transfer, which is expressed by the following law: 

 
0 

T
c

t
r

µ
Ö Ö + =

µ
T

qÐ  (5.1) 

where T, ɟ and c denote temperature (K), density (kg/m3) and specific heat capacity of the 

material [J/(kgĀK)], respectively. Fourier's law provides the basis for deriving the heat flux 

vector, T
q  (W/m2) given by: 
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Tk T=-

T
q Ð  (5.2) 

where Tk  is the thermal conductivity [W/(mĀK)] term, and TÐ is the temperature gradient. 

The boundary conditions for heat transfer involves heat convection and solar radiation, 

which are expressed mathematically as follows: 

 ( )T amb sT T qb= - -
T

q n  (5.3) 

where n , 
Tb , denote the unit normal outward vector, and constant surface heat transfer 

coefficient [W/(m2ĀK)]. The added heat per unit surface due to solar radiation is defined by 

s sq a I= where a is the surface absorptivity factor and Is (W/m2) is the solar irradiance term 

(Aliasghar-Mamaghani et al., 2023). 

5.2.2 Equations for Moisture Transport 

The governing differential equation for moisture transport is obtained by enforcing the 

principle of mass conservation, given by the following equation: 

 1
0

h

k t

µ
Ö + =
µ

m
jÐ  (5.4) 

where the moisture capacity term is 
e

k h w=µ µ, h is the field relative humidity, we is the 

evaporable moisture content, and the moisture flux vector is given by mD h=-
m
j Ð , where Dm 

is the moisture permeability coefficient [kg/(mĀs)], and hÐ  is the gradient of the relative 

humidity. The moisture content in concrete is the combination of two components: chemically 

bound water and evaporable moisture content. The former is trapped within the calcium silicate 

hydrate (C-S-H) layers and can vary under severe conditions (Baģant and Jir§sek, 2018). 

Therefore, in this study, evaporable water content is solely used to measure moisture variation 

in the concrete medium. 
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The correlation between evaporable water content and relative humidity is described by 

sorption isotherm. The shape of the isotherm depends on whether adsorption (wetting) or 

desorption (drying) is taking place. This study employs the following equation for sorption 

isotherm (Van Genuchten, 1980): 

 ( )1 1

1 ( ln ) 1
m

m

e ew w b h
-

-è ø= - +
ê ú

 (5.5) 

where we1 (kg/m3) is the maximum evaporable moisture content and b, m are model parameters.  

The following law is proposed for the moisture diffusion coefficient which also account 

for the mechanical damage in the concrete: 

 

( )1
n

cr

m c

e

m s

w
D

S l
Dk

è ø
= +é ù

Öê ú
 (5.6) 

 

where wcr is the width of the crack (mm), le is the size of the mesh, and n, kc, S are constant 

model parameters. The first part of equation (5.6) accounts for the effect of mechanical damage 

and replicates the transport behavior in cracked specimens, while the subsequent term mimics 

the transport in sound specimens. The latter is obtained by employing a model proposed by 

Baģant and Najjar  (1972): 

 

[ ]
0

( ) 0 1

1

1 (1 ) / (1 )
m s r

c

Ŭ
Ŭ c

h
D

h

è ø-
= +é ù

+ - -é ùê ú

 (5.7) 

where c1 [kg/(mĀs)] is the full saturation permeability, occurring at h = 1, and hc, r and a0 are 

model parameters. 

The mathematical model that characterizes the convective transport of moisture across 

the boundary is expressed by the following equation: 

 (ln ln )e ambɖ h h= -
m
j n  (5.8) 



Chapter 5. Coupled Multiphysics Modeling of Chloride-Induced Mechanical Damage in Concrete Bridges                                 

 

134 

 

where ɖe represents the constant moisture emissivity coefficient [kg/(m2Ās)] and ambh denotes the 

ambient relative humidity. 

5.2.3 Equations for Chloride Transport  

The differential equation governing the transport of chloride is derived by invoking the 

principle of mass conservation (Maekawa et al., 2003; Maekawa, 2008), mathematically 

expressed by: 

 
( ) 0l fS C

t
j

µ
Ö Ö + =

µ
cl
jÐ  (5.9) 

where Cf is the concentration of free chloride (mol/m3), and j and Sl denote the porosity and 

degree of saturation. The chloride flux vector, cl
j , is the sum of two contributions, namely 

diffusion, and advection, which are driven by concentration gradient (fCÐ ) and moisture flow 

velocity (v ), respectively. The chloride flux is given by the following equation: 

 
l cl f l fS D C S Cj j=- Ö Ö Ö + Ö Ö Ö

cl
j vÐ  (5.10) 

The following equation is proposed for the chloride diffusion coefficient, which 

accounts for the mechanical damage in concrete material: 

 
( )

0

1 1
(1 ) exp

bcr
cr cra wcr cr cr d

cl l

e ref

w S Q
D D S e

l R T T

g
j -

è øå õè ø
= Ö + - Ö -é ùæ öé ù æ ö

é ùê ú ç ÷ê ú

 (5.11) 

 

where D0 is the referential chloride diffusion coefficient (m2/s), dQ is the activation energy 

(J/mol), R represents the universal gas constant, equal to 8.3145 J/(molẗK), Tref denotes a 

reference temperature equal to 293.15 K (20oC), T is the absolute temperature, Scr refers to the 

crackôs saturation degree, and crg , acr, bcr, and ncr are constant model parameters.  
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The total chloride content (Ct) can be decomposed into two contributions: free chloride, 

which can move freely in the porous network of concrete, and bound chloride, which is bound 

to the pore walls. The following mathematical relationship describes the total chloride content: 

 
t f bC C C= +  (5.12) 

The mathematical relation describing the bound chloride is described by the following 

law: 

 
() ()( )

0.7

1.5
b m f m

C C=  (5.13) 

where Cb(m) and Cf(m) are the content of free and bound chloride in percentage of cement mass. 

The boundary condition accounts for the mass convection across the boundary surface and is 

described by: 

 ( )cl f ambC Cb= -clj n  (5.14) 

where Camb is the concentration of chloride in the ambient environment and clb is a surface 

chloride transport coefficient. 

5.2.4 Equations for Stress and Deformation  

The governing differential equation for solid mechanics is obtained by invoking the 

principle of conservation of momentum. By considering a state of static equilibrium, the 

following equation is derived: 

 0Ð¶ + =bs  (5.15) 

where b  is the body force vector, neglected in this study, and s is the stress tensor. The 

concrete material model employed in this study uses an elastoplastic formulation for 

compression-dominated behavior, ensuing the following formulation: 
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 ( ):
P

Cs e e= -  (5.16) 

where C denotes the isotropic modulus tensor, the total strain tensor (e) is given by e pe e e= +

and ee , and pe are elastic and plastic part of the strain tensor. The constitutive law in 

compression is assigned a non-associative flow rule with a yield surface as follows (Moharrami 

and Koutromanos, 2016): 

 
1 2

1
Ĕ({ }, ) [ ( , ) 3 ) ( )]

1
cf I r e J ck a q k

a
= Ö + -
-

s  (5.17) 

where I1 is the first invariant of the stress tensor, J2 is the second invariant of the deviatoric 

stress tensor, Ĕs is a vector containing principal stresses, and ( , )r eq , k, ( )cc k , and aare 

model parameters described in detail in (Moharrami and Koutromanos, 2016). The rate of 

plastic flow is obtained from the following relationship: 

 y
l
µ

µ

Pe
s

= Ö  (5.18) 

where ɚ is a scalar plastic multiplier, and yµ µ/ s is the plastic flow direction. The plastic 

potential function corresponds to the following equation (Moharrami and Koutromanos, 2016): 

 
1 22p I Jy a= +  (5.19) 

where pa denotes a dilatancy parameter.  The concrete material uses a rotating smeared crack 

approach for tension-dominated behavior. After the occurrence of cracking, the principal stress 

( Ĕis ) in the direction of the principal strain (Ĕie) is updated and assigned an exponential decay 

function (Moharrami and Koutromanos, 2016), given by: 

 Ĕ ĔĔ [(1 ) exp( [( ) / ]) ]i t t t i ini t tc M f Ms l e e= Ö - - - + (5.20) 

where ct is tensile strength, Ĕinie is tensile strain at the beginning of softening, tlis a scalar 

parameter governing the rate of softening, and Mt is the ratio of residual tensile strength with 
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respect to tensile strength as discussed in detail in Moharrami and Koutromanos (2016). 

Specific considerations were taken into account to ensure compatibility between elastoplastic 

and cracking laws, as demonstrated Moharrami and Koutromanos (2016). 

5.2.5 Equations for Electrochemical Oxidation-Reduction Reaction  

Corrosion is associated with an electrochemical oxidation-reduction (redox) reaction 

wherein iron in steel is converted to corrosive materials. A redox reaction involved the transport 

of electrons from one chemical species to the other. This process involves the formation of two 

electrochemical half-cells, namely anode and cathode. The anode corresponds to the species 

that loses electrons, i.e. the species that incurs oxidation, while the cathode corresponds to the 

species that receives electrons (i.e., the species for which reduction occurs). The anodic 

chemical reaction can be described by the following equation: 

 2Fe Fe 2e+ -­ +  (5.21) 

where iron, Fe, is oxidized into ferrous ion Fe2+. Reduction occurs at the cathode through the 

adsorption of electrons, which become part of the atoms; specifically, the cathodic reduction 

reaction is expressed as follows: 

 - -

2 2O 2H O 4e 4OH+ + ­  (5.22) 

where oxygen, O2, is reduced to hydroxyl ions, OH-. The FE2+ and OH- ions then participate in 

secondary reactions, which result in the formation of iron oxide (rust). The procedure to account 

for electrochemical oxidation-reduction reaction is described on the bases of thermodynamics 

electrochemistry. The kinetics of the electrochemical reaction in this research are based on 

microcell corrosion. In particular, this study assumes corrosion to occur uniformly in the 

surrounding area of the steel material, without accounting for the potential influence of pitting 

or localized corrosion, which are associated with macro-cell corrosion mechanisms (Maekawa 
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et al., 2003; Hussain and Ishida, 2011). The latter holds particular significance for specific 

structures, such as those exposed to external charges (Wang et al., 2021). Microcell corrosion 

mechanism involves the formation of anodic and cathodic half-cells in the immediate vicinity 

of the same metal on a microscopic level (Hussain and Ishida, 2011). The rate of oxidation and 

reduction reaction is assumed to be controlled by activation polarization. The electrode kinetic 

behavior of two half-cell reactions [equation (5.21) for oxidation and (5.22) for reduction]  are 

shown in Figure 5.3. In a scenario where the surface areas of the anode and cathode are assumed 

to be equal, it is postulated that all electrons liberated from one cell are subsequently consumed 

by another cell, thereby ensuring the local conservation of electric charge. Consequently, the 

rate of reaction in the two half cells is equivalently balanced, resulting in the identification of 

the intersection point on the polarization curves as the sole point that satisfies this criterion. By 

projecting this intersection point onto the vertical and horizontal axes, the corrosion potential 

(Ecorr) and corrosion current density (icorr) can be ascertained, respectively. The primary 

objective of the oxidation-reduction reaction is to attain the latter. 

 
Figure 5.3. Electrode kinetic behavior of oxidation-reduction reaction with activation 

polarization rate limit 

As discussed earlier, the kinetics of the electrochemical reaction is described on the 

bases of polarization curves. In this regard, the electrode potential at the cathodic branch can 

be ascertained by 
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0

0( )

log( )c

c c c

c T

i
E E

i
b= +  (5.23) 

where Ec0
 denotes the cathodic electrode potential at equilibrium, cbrepresents the cathodic 

Tafel slope, ic is the electric current density at cathodic site, 0( ) 0 ( ).c T c Ti i f= , where ic0 is the 

equilibrium electric current density at cathodic site. The variability of the standard cathodic 

current density with temperature has been demonstrated (Hussain and Ishida, 2011). As a result, 

the present study takes this effect into account by adjusting the standard current density in 

accordance with the Arrhenius law. 

 
( )

( )

1 1
exp

d i

T

ref

Q
f

R T T

è øå õ
= -é ùæ öæ ö

é ùç ÷ê ú

 (5.24) 

where Qd(i) is the activation energy term associated with the current density. The standard 

electrode potential at the cathode is given by the following equation (Hussain and Ishida, 2011; 

Wang et al., 2021): 

 
22

2

0 /

/

ln( ) 0.0591c OOH O

OH O

RT
E E P pH

z F
-

-

Q= + -  (5.25) 

where 
2/OH O

E -

Q  is the standard oxygen cell potential at 25C̄, 
2/OH O

z -  is the number of electrons 

transferred in the cathodic half-cell reaction, 
2OP  is the partial pressure of oxygen, and pH is 

the potential of Hydrogen.   

The electrode potential at anodic branch is defined by the following equation: 

 
0a a aE E h= +  (5.26) 

where Ea0 is the anodic electrode potential at equilibrium, and ah  is the overvoltage for 

oxidation half-cell given by (Hussain and Ishida, 2011): 
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2 0( )/

2.303
log( )

0.5

a

a p

a TFe Fe

iRT
f

z F i
h

+

= Ö (5.27) 

where 2/Fe Fe
z + is the number of electrons transferred in the anodic half-cell reaction, ai is the 

electric current density at the anodic site, 
0( ) 0 ( ).a T a Ti i f= , and 

0ai the electric current density in 

equilibrium at the anode, and,  

 1.04

( )0.0317p f mf C -= Ö  (5.28) 

The standard electrode potential at the anode is defined by (Hussain and Ishida, 2011): 

 
2 2

2

0 /

/

ln( )a clFe Fe Fe

Fe Fe

RT
E E C F

z F
+ +

+

Q= + Ö (5.29) 

where 2/Fe Fe
E +

Q is the standard iron cell potential at 25C̄, 2Fe
C +  is the concentration of ferrous 

ion and, 

 
( ) 4

( )

( )

1.2
0.003 ln(1.0 10 ) 1.0

1.0

f m

cl f m

f m

C
F C

C
= + Ö + +

+
 (5.30) 

 

Following the establishment of the mathematical framework for the electrochemical 

oxidation-reduction process, the corrosion current density, icor, is determined. This quantity is 

subsequently converted into the corresponding mass loss utilizing Faraday's law, which can be 

expressed as follows: 

 

20 /

t

cor

m

Fe Fe

i
r M dt

z F+

= Ö
Öñ  (5.31) 

where icor represents the corrosion current density, t denotes the time, and M stands for the 

molar mass of iron.  
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5.2.6 Equations for Expansion of Corrosive Product  

After determining the mass loss of the strand, the next step is to account for the 

volumetric expansion of corrosive compounds. The rate of the radius loss ( corr ) can be 

expressed through the following equation: 

 
m

cor

s

r
r

r

-
=  (5.32) 

where rs is the density of the steel material (kg/m3). The mathematical proof for equation (5.32) 

is provided in Appendix C. Subsequently, to feed the expansion law, a rate equation governing 

the area loss of the steel material needs to be defined: 

 

 2

01 ( )corr rg= -  (5.33) 

here, r0 and rcor refer to the radius of the original and corroded wire, respectively, as illustrated 

in Figure 5.4. 

 

Figure 5.4. Parameters specifying the volumetric expansion of a wire 

After some mathematical procedures outlined in Appendix D, the radius of the 

corrosive product is derived through the following equation: 

 
0 1 ( -1)rus er r g a= +  (5.34) 

where ea is the volumetric expansion of corrosive product.  

rrus

r0

rcor
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The stress induced by the volumetric expansion of corrosive products, ,̮ is given by 

the following expression: 

 
( ) ( - )

eq

aut

E= :s e eC  (5.35) 

where e denotes the total strain tensor for the corrosive material, and the plastic part of strain 

tensor ( pe ) is set to zero. aute is the autogenous part of the strain tensor, given by
(exp)

aut aute=e I , 

where I  is the identity tensor and the autogenous true strain is obtained from the following 

equation: 

 

0
(exp)

rusr
aut

r

dr

r
e =ñ  (5.36) 

It is important to note that equation (5.36) takes into account the natural strain, and not 

engineering strain. The tangent modulus tensor for corroded product, 
( )eqEC , is dependent on 

the elasticity modulus given by following equation (Toongoenthong and Maekawa, 2005): 

 
e

1 ( -1)

(1- )

e

q

e rus s

E
E E

g a

ga g

+
=

+
 (5.37) 

where Es is the elastic modulus of steel material, Erus is the elastic modulus of corrosive 

material. 

5.3 Numerical Implementation 

The governing differential equations shown in the previous section were transformed 

into a weak form and then translated into the equivalent finite element formulations for 

numerical description of all physical processes (Aliasghar-Mamaghani et al., 2023). A 

necessary stabilization technique is employed in this study to prevent spurious effects of 

moisture flow in the solution, using the SUPG technique. For scalar field problems, an implicit 
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backward Euler time-marching scheme and a full Newton-Raphson iterative scheme were used. 

For solid mechanics, an implicit time-independent solution and an initial stiffness-based 

Newton-Raphson iterative scheme were employed.  

5.4 Model Calibration  

 This section presents the calibration for a unique set of model parameters of the 

constitutive law that could describe the experimentally observed behavior and focuses on 

concrete prisms and cylinders. The calibrations were performed for thermo-hydro-mechanical-

chemical processes. 

5.4.1 Moisture Transport 

The model parameters for moisture transport are calibrated with the experimental data 

from Hanson (1968), as shown in Figure 5.5. The experiment was conducted on normal 

strength concrete cylinders that had been cured for 28 days. These cylinders were exposed to 

an environmental relative humidity of h = 0.50 for a duration of three years. The test setup 

involved sealing the top and bottom faces of the cylinders to create an impervious boundary. 

This arrangement allowed moisture to flow out only in the radial direction. The model 

parameters in equation (5.7) corresponding to the moisture permeability coefficient are assigned 

the following values: 8

1 1.96 10c -= ³ kg/(m.s), 0.69ch , 6.00r  and 0 0.01a . The values 

of we1 = 97.3 kg/m3, b = 3.10, m = 0.48 are assigned to parameters in equation (5.5) which 

enable an accurate reproduction of the relationship between relative humidity and moisture 

content, for scenarios involving monotonic drying, measured by Baroghel-Bouny (2007).   
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Figure 5.5. Calibration analysis for moisture transport using the experimental data in Hanson 

(1968) 

 

5.4.2 Chloride Diffusive and Advective Transport in Sound Concrete 

The parameter in chloride diffusion model is calibration with a large body of 

experimental data (Sergi et al., 1992; Maruya, 1995; Maekawa, 2008; Baroghel-Bouny et al., 

2009; Baroghel-Bouny et al., 2014), as depicted in Figure 5.6. The analyses are assigned a 

value of 12

0 6.0 10D -= Ö m2/s for concrete specimens and were found capable of capturing the 

concentration of total chloride, measure through the depth. 

   
(a) Specimen from 

(Baroghel-Bouny et al., 2009; 

Baroghel-Bouny et al., 2014) 

(b) Specimens from (Maruya, 

1995; Maekawa, 2008) 

(c) Specimen from (Sergi et 

al., 1992) 

Figure 5.6. Profile of total chloride obtained from calibration analyses. 

The calibration analyses for the coupled heat transfer-chloride transport model relied on 

relevant experimental data (Samson and Marchand, 2007; Chen and Razaqpur, 2021a, 2021b), 
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which are presented in Figure 5.7. The analyses are assigned a thermal conductivity coefficient 

of 2.5W (m K)Tk and a heat capacity of 1000J (kg K)c . The model parameter 

capturing the coupling effect between heat transfer and chloride transport, i.e., Qd (activation 

energy) is assigned a value of 22 kJ/mol and 35 kJ/mol for cement paste and concrete, 

respectively. As shown in the figure, the analysis results were in good agreement with the 

experimental observations. However, at temperatures significantly lower than the supercooling 

temperature of -7°C, the model predictions may deviate due to the questionable applicability of 

the Arrhenius law, as reported in previous pertinent studies (Samson and Marchand, 2007; Chen 

and Razaqpur, 2021a). Nonetheless, this issue does not pose a concern for the present study as 

the temperature range of interest is rarely below the supercooling temperature.  

   

(a) Cement Paste Specimens (b) Concrete Specimens 

Figure 5.7. Calibration analyses for coupled heat transfer-chloride transport. 

The calibration analyses for coupled moisture-chloride transport, also known as 

advection diffusion, are shown in Figure 5.8. The analyses employ similar calibration for 

chloride diffusion coefficient discussed above, and similar moisture parameters for constitutive 

laws of moisture diffusion coefficient. However, the parameters describing the moisture content 

(sorption isotherm) in equation (5.5), are assigned the following values: we1 = 90.2 kg/m3, b = 
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monotonic wetting (i.e., imbibition), and have been calibrated using experimental data from 

Baroghel-Bouny(2007), as shown in (Aliasghar-Mamaghani et al., 2023). It is noteworthy that 

the elimination of the ink-bottle effect, which is associated with the thermodynamic 

metastability of adsorption-desorption, provides the rationale for employing monotonic wetting 

in these analyses. 

The analyses and experiments shown in Figure 5.8 were performed under cyclic 

wetting-drying conditions. In particular, the experiment conducted by Maruya et al. (1998) 

focused on concrete specimens and involved a total of 42 wetting-drying cycles. Each cycle 

lasted for 14 days, and the drying conditions were maintained at a relative humidity of 60%. 

On the other hand, Lu et al. (2015) conducted tests on concrete specimens involving a total of 

15 wetting-drying cycles, with each cycle lasting for 14 days. The drying conditions were 

maintained at a relative humidity of 76%. The analyses were able to accurately capture the 

chloride content, highlighting the significance of advective transport within the porous network 

of concrete structures.  

 
 

(a) Time-evolution of free chloride; test by 

Maruya et al. (1998)   

(b) Profile of free chloride distribution; test by 

Lu et al. (2015) 

Figure 5.8. Advective diffusive transport of chloride in concrete specimens. 
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5.4.3 Chloride Diffusive and Advective Transport in Cracked Concrete 

This section aims to describe the coupling effect between mechanical damage in 

concrete and transport phenomena. It begins by calibrating moisture transport parameters in 

cracked concrete, followed by the diffusive and advective transport of chloride in cracked 

specimens. 

The calibration for model parameters in equation (5.6), i.e., moisture diffusion 

coefficient in cracked  specimen is performed using the experimental data from Park et al. 

(2012a). The model is calibrated by assigning values for constant model parameters as: n=3, 

and 51 10ck = Ö mm-1 according to the recommendation by Bazant et al. (1987), and S=9.1 mm. 

The value of le is set to 5.0 mm, however it is subject to variation during computation based on 

the size of the mesh. The model is found capable of capturing moisture diffusion coefficient at 

different crack with, as shown in Figure 5.9. 

 

Figure 5.9. Calibration of model parameters for moisture diffusion coefficient in cracked 

concrete using experimental data from  Park et al. (2012a). 
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equation (5.11) are assigned the following values:crg =820.0, acr =120.0, and ncr =2.0, which 

were capable of accurately reproducing the experimentally observed behavior. 

  

(a) Crack width of 0.060 mm (b) Crack width of 0.200 mm 

Figure 5.10. Calibration of chloride diffusion in cracked concrete using experimental data in  

Kato et al. (2005) for concrete with w/c=0.39. 

  

(a) Crack width of 0.055 mm (b) Crack width of 0.200 mm 

Figure 5.11. Calibration of chloride diffusion in cracked concrete using experimental data in  

Kato et al. (2005) for concrete with w/c=0.55. 
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The transport modeling scheme in is validated using experimental data in Lu et al. 

(2017), for specimens under wetting/drying cycles, as depicted in Figure 5.12. The scheme was 

found capable of reproducing experimental data for various crack widths. 

   

(a) Crack width of 0.048 mm (b) Crack width of 0.135 mm (c) Crack width of 0.205 mm 

Figure 5.12. Validation of advective-diffusive transport in cracked concrete using 

experimental data in  Lu et al. (2017). 
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(a) Corrosion potential (b) Corrosion rate 

Figure 5.13. Calibration of electrochemical reaction kinetic using experimental data in  

Hussain and Ishida (2011). 

The coupling between heat transfer and electrochemical oxidation-reduction process is 

established using experimental data from Hussain and Ishida (2011), as shown in Figure 5.14. 

In particular, the only parameter in equation (5.24) characterizing this coupling effect is Qd(i), 

which is assigned a value of 13kJ/mol, thereby enabling precise replication of the experimental 

behavior. 

 

Figure 5.14. Calibration of heat effect on electrochemical reaction kinetic using experimental 

data in  Hussain and Ishida (2011). 
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5.4.5 Solid Mechanics and Expansion of Corrosive Products 

The purpose of the calibration analyses in this section is to determine model parameters 

that can effectively estimate the cracking pattern resulting from corrosion damage in concrete. 

The calibration process is initiated by focusing on the cracking pattern in concrete prisms, 

followed by an analysis to determine the crack width on the surface of the concrete with the 

level of corrosion damage. This will allow for the establishment of a reasonable connection 

between the volumetric expansion caused by corrosive products and the maximum crack 

opening displacement on the surface of the specimen. 

The initial calibration analysis employs an experimental test presented in Cabrera 

(1996), wherein accelerated corrosion testing was conducted to evaluate the cracking pattern in 

concrete caused by corrosion. The comparison between the analytical response and 

experimental behavior is illustrated in Figure 5.15, which confirms the accuracy of the model 

in predicting the corrosion-induced cracking pattern in concrete. The volumetric expansion of 

corrosive agents caused swelling pressure on the surrounding concrete, ultimately resulting in 

cracking of the concrete. 

 
 

                 (a) Analysis result (b) Experimentally observed behavior 

Figure 5.15. Calibration of the corrosion-induced cracking pattern using experimental data 

in  Cabrera (1996). 
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The second calibration set in this section involves experimental tests by Molina et al. 

(1993), which aimed to capture cover cracking caused by corrosion in concrete prisms, as 

shown in Figure 5.16.  

 

Figure 5.16. Geometric characteristics of the reinforced concrete prism in the study 

conducted by Molina et al. (1993). 

The study focused on accelerated corrosion tests and measured the crack opening 

displacement at various locations along the length. In addition, the maximum corrosion 

penetration depth was determined through experimentation. The calibration analysis considers 

the cross-sectional geometry of the specimen with the objective of establishing a dependable 

correlation among the volumetric expansion of corrosive materials, the stresses induced in the 

surrounding concrete, and ultimately the crack opening displacement on the surface of the 

concrete. This approach intends to provide a robust and accurate understanding of the 

experimental results. The comparison between experimental data and analysis results is 

depicted in Figure 5.17. The model parameters in equation (5.37) are assigned the following 

values: Es=200 GPa, Erus =14 GPa which is close to the values reported in the literature 

(Toongoenthong and Maekawa, 2005; Wang et al., 2022). In addition, the expansion coefficient 

is assigned a value of ea=4.0, which represents the average value for ferrous and ferric 
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hydroxyl (Youping and Richard, 1998). The tensile strength of the specimen, was assigned a 

value of 3.55 MPa (Molina et al., 1993), and the fracture energy value of 0.07 N/mm was 

adopted for concrete in tension. In light of the aforementioned information, the analytically 

observed behavior, which is illustrated in Figure 5.17 for the maximum crack opening 

displacement on the surface of the specimen, was capable of accurately capturing the 

experimental data. 

 

Figure 5.17. Calibration analysis for corrosion-induced cracking using experimental data in  

Molina et al. (1993). 

 

Figure 5.18 presents a comparison of the cracking pattern caused by corrosive products 

between the analysis and experiment. The analysis shows a cross-section of the specimen, 

whereas the experiment displays the bottom view of the specimen. Theoretically, the cracking 

pattern observed in the bottom view of the specimen should be reproduced on the bottom face 

of the cross-section in the analysis result. The experiment exhibits branching of the cracks near 

the longitudinal centerline, which is precisely captured in the analysis, thus confirming the 

authenticity and validity of the proposed analysis method. 
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 (a) Cross section of the specimen at the end 

of analysis 

(b) Bottom view of specimen, at the end of the 

test 

Figure 5.18. Calibration of corrosion-induced cracking pattern using experimental 

observation in Molina et al. (1993). 

5.5 Analysis of the Bridge Girders 

After establishing our scheme and performing calibration, we employed our coupled 

multi-physics approach to two distinct bridge girders. The primary objective of this phase was 

to ensure consistency with our previously established calibration factors and to monitor 

experimental behavior. 
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quantifying the ambient condition of each girder began by obtaining 1-year recorded data (in 

this case, for the year 2010) from the nearest meteorological station to the bridge locations. 

These time history values were subsequently replicated for the analysis period.  

The ambient chloride, Camb, value is influenced by the particular type of exposure 
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For the Lesner bridge, this study employed a value of Camb=1.74 kg/m3 based on McGee's 

0.10

0.02

0.00

0.04

0.06

0.08

Max. Prin. Strain

Strain gauge

Crack

Oxide



Chapter 5. Coupled Multiphysics Modeling of Chloride-Induced Mechanical Damage in Concrete Bridges                                 

 

155 

 

(1999) recommendation for coastal bridges. On the other hand, the ambient chloride value for 

Aden Road bridge was assigned a value of 31.06kg mambC = , in accordance with 

recommendation by Weyers et al. (1994) for specimens exposed to deicing salts.  

As mentioned earlier, the Lesner and Aden Road bridges were in service for 49 and 34 

years, respectively, after which they were demolished, and the girders were transported to a 

separate location where they were no longer exposed to chloride. Specifically, the Lesner and 

Aden Road bridge girders were stored at different sites for 2 and 6 years, respectively. As a 

result, the analysis adopts a Camb value of 0 for the time interval of the analysis corresponding 

to storage. 

The analysis takes into account the removal of the asphalt overlay on the top face of the 

Aden Road bridge girder during the demolition process. The mesh corresponding to the asphalt 

layer is deleted at the end of the service life. Moreover, for the period of the analysis 

corresponding to the storage of the girder, the top surface of the concrete girder was deemed to 

constitute an impervious boundary as a result of the demolition. 

5.5.2 Analysis Results 

This section presents the results of the two bridge girders, providing key information 

regarding their service life. Figure 5.19 illustrates the analysis results for the Lesner bridge 

girder after ten years. At this specific time, no signs of corrosion damage were observed in the 

concrete, indicating a low level of corrosion rate in the strands. The figure also includes the 

entire cross-section of the girder, emphasizing the lack of corrosion-induced damage elsewhere 

at this age. The absence of corrosion-induced damage suggests that the girder is performing 

well, and its structural integrity is not compromised.  
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(a) Maximum principal 

strain 
(b) Total chloride c) Relative humidity 

Figure 5.19. Impact of the corrosion on the Lesner bridge girder at 10 years of age. 

The first visible surface crack on the girder was detected at an approximate age of 14.5 

years, as shown in Figure 5.20(a). The width of the crack at this age was minimal and not 

discernible to the naked eye. The small crack width did not significantly affect the transport of 

chloride and moisture, as evident in Figure 5.20(b) and Figure 5.20(c), where the contour fill 

for chloride and moisture had consistent concentrations in the vicinity of the crack. The age at 

which the first surface crack appears is a critical milestone, as it can be considered the time-to-

first cracking, after which significant corrosion rate and damage may occur. From a simplified 

perspective, the point at which corrosion initiation is observed corresponds to the time when 

the protective film on the surface of the strand is entirely removed. 

 

   

(a) Maximum principal 

strain 

(b) Total chloride c) Relative humidity 

Figure 5.20. Impact of the corrosion on the Lesner bridge girder at 14.5 years of age. 
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The results of the analysis at an age of 20 years are presented in Figure 5.21, indicating 

the progression of corrosion and its associated damage. The figure highlights the presence of 

cracks that have propagated through the concrete, with the tip of the crack reaching the side 

surfaces. The increased crack width has also led to higher concentrations of chloride and 

moisture in the immediate vicinity of the cracks, as observed in Figure 5.21(b) and Figure 

5.21(c). This increased concentration of chloride and moisture in the cracks suggests that the 

corrosion has progressed and started to impact the structural integrity of the girder. Despite the 

presence of cracks that have reached the side surface, it is noteworthy that at this age, the bottom 

face of the girder remains undamaged by the effects of corrosion. 

 

   

(a) Maximum principal strain (b) Total chloride c) Relative humidity 

Figure 5.21. Impact of the corrosion on the Lesner bridge girder at 20 years of age. 

A compelling comparison between the simulation results and experimental observation 

can be established when examining the bridge after 27 years of service. In Figure 5.22, the 

damage map of certain girders and their corresponding simulation counterparts is presented. 

The experiment illustrates the repaired area implemented at this age. It is crucial to highlight 

that during this phase, certain preliminary repairs were undertaken on the specimens. 

Specifically, a meticulous process was employed to remove the deteriorated concrete, which 



Chapter 5. Coupled Multiphysics Modeling of Chloride-Induced Mechanical Damage in Concrete Bridges                                 

 

158 

 

was manifested as cracks or deterioration in both the side and bottom regions of the girder, 

within the affected area. This process involved deliberately chipping off the concrete until 

reaching the level of sound concrete, as visually depicted by a pattern in the figure. After this 

careful removal, the area was restored using fresh materials. Additionally, it is worth 

emphasizing that the damage map obtained from the experiment provides observations 

primarily from the perimeter of the girders. However, the analysis results also demonstrate 

crack propagation within the interior of the cross-section. The analysis reveals notable cracking 

in the corner region of the girder's cross-section, subsequently followed by cracking near the 

bottom region. In particular, the width of the crack in the side is more than 0.5 mm. It is worth 

noting that, at this stage, the concrete in the corner region exhibits a loose and easily removable 

nature, aligning with the observations made during the experiment. 

 

 

(b) Experimental observation (b) Analysis result  

Figure 5.22. Chloride-induced corrosion damage observed in the Lesner Bridge girder after 

27 years of service. The repaired area underwent physical chipping to remove the deteriorated 

concrete. 

The next significant milestone occurs when the cracks reach the bottom face of the 

specimen, which is crucial in estimating the extent of corrosion damage in the corner region. 

As the width of the cracks continues to widen, the concrete in the cross-sectional corner region 

gradually loses its tension capacity, eventually leading to spalling in that region. Figure 5.23(a) 
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presents the contour fill for principal strain, illustrating that the tip of the crack on the bottom 

has only just touched the surface. This is further corroborated in Figure 5.23(c), where the 

moisture content at the bottom surface is higher than that of other regions. The cracks 

propagating in the side direction have also widened, allowing moisture and chloride to easily 

intrude into the concrete.  

   

(a) Maximum principal strain (b) Total chloride c) Relative humidity 

Figure 5.23. Impact of the corrosion on the Lesner bridge girder at 35 years of age. 

Moving forward in the analysis of the girder, the next significant stage is the end of its 

service life. The analyses shown in Figure 5.24, indicate that large crack widths have formed 

on the bottom corners and sides, which corresponds to spalling. However, it is important to 

mention that our analysis does not account for element removal due to the limitations of our 

model. As a result, we cannot observe deterioration or spalling. These results align with the 

experimental observations depicted in Figure 5.1. Specifically, the analysis effectively captures 

the cracking and deterioration of the concrete on the bottom [Figure 5.1(b)] and side faces 

[Figure 5.1(c) and Figure 5.1(d)].  
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(a) Maximum principal strain (b) Total chloride c) Relative humidity 

Figure 5.24. Impact of the corrosion on the Lesner bridge girder at the end of the service life. 

The following section discusses the results of the analyses conducted on the Aden Road 

Bridge girder. Figure 5.25 depicts the progress of corrosion after ten years. The contour fill for 

principal strain shows the presence of cracking in the concrete near the shear key region, which 

can be attributed to the inadequate cover for the strand in that area. The widening of the cracks 

in this region accelerated the intrusion of chloride, as illustrated in Figure 5.25(b) and also the 

transport of the moisture as shown in the contour fill for relative humidity in Figure 5.25(c). 

At this age, there were no observed indications of cracking in the lower region of the 

girder.  

   

(a) Maximum principal strain (b) Total chloride c) Relative humidity 

Figure 5.25. Impact of the corrosion on the Aden Road bridge girder at 10 years of age. 

At the age of 16.5 years, the analysis of the girder reached a significant milestone with 

the emergence of microcracks on its side surface. These cracks were similar in appearance to 
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those observed on the Lesner Bridge girder, as depicted in Figure 5.20. This particular moment 

marks the time-to-first cracking for the girder under examination. 

A critical milestone in the analysis of this girder was reached at 23 years of age, when 

cracks appeared on the bottom face of the girder. These cracks were observed to have formed 

in two distinct locations, as illustrated in Figure 5.26(a). At this stage, the width of the cracks 

on the side of the girder had increased, which consequently had a detrimental effect on the 

intrusion of chloride into the specimen, as depicted in Figure 5.26(b). Similarly, the moisture 

transport was affected, as shown in Figure 5.26(c). 

   

(a) Maximum principal strain (b) Total chloride c) Relative humidity 

Figure 5.26. Impact of the corrosion on the Aden Road bridge girder at 23 years of age. 

The next significant milestone in the analysis of the girder corresponds to reaching the 

end of its service life. At this point, the formation of new cracks began, and the width of existing 

cracks continued to increase. The additional mechanical damage had a significant impact on 

the intrusion of chloride and moisture in the specimen, as demonstrated in Figure 5.27(b) and 

Figure 5.27(c) at the end of service life. The bridge has formed many cracks in the sides and 

bottom face, which is in close agreement with the experimental observations, shown in Figure 

5.2. Figure 5.2(b) provides a side view of the specimen, revealing corrosion of the strands near 

the shear key regions, which was accurately captured by the analyses. The formation of 

chloride-induced corrosion damage on the bottom face [Figure 5.2(c)], side face [Figure 
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5.2(d)], and the deterioration of the concrete near the cross-sectional corner region [Figure 

5.2(a)] are effectively captured by the analysis results. 

    

(a) Maximum principal strain (b) Total chloride c) Relative humidity 

Figure 5.27. Impact of the corrosion on the Aden Road bridge girder at the end of service 

life. 

5.6 Discussion 

The proposed simulation approach has been shown to be highly effective in capturing 

experimental behavior of concrete specimens, as well as real-life bridge girders.  

An important contribution of this research is the comparison of a refined Multiphysics 

approach with a case that neglects mechanical damage or cracking. The time evolution of 

chloride for two strands, one in the vicinity and another away from the cross-sectional corner 

region, for two girders, is illustrated in Figure 5.28 (Aliasghar-Mamaghani et al., 2023). These 

analyses were complemented by the results obtained from a closed-form solution discussed in 

the FIB model code (FIB, 2013). Based on the refined analyses, the time-to-first cracking for 

strands near and away from the cross-sectional corner region of the Lesner bridge girder is 

estimated to be 14.5 and 35 years, respectively. In contrast, the coupled analysis without 

considering electrochemical reactions and mechanical damage showed that the rate of corrosion 

significantly increased at ages of 18.5 and 31.5 years for strands near and away from the corner 

region, respectively. 
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It should be emphasized that corrosion is not a discrete physical phenomenon that is 

initiated by a switch; rather, it is a process that is always ongoing, with the presence of chloride 

exacerbating the condition. The two half-cells inducing corrosion are iron and oxygen, which 

always exist. Therefore, while the term time-to-corrosion may not reflect the reality of the 

situation, the term time-to-first cracking is a more accurate representation. The analysis results 

for the Aden bridge girder indicate a time-to-first cracking of 16.5 and 23.0 years, respectively, 

when considering chemo-mechanical behavior. In contrast, the analysis results without 

considering chemo-mechanical behavior predicted a time to significant corrosion reaction rate 

of 18 and 27 years, respectively. 

Additionally, results from the simplified FIB model code are provided, which differ 

significantly from both the refined model and experimental observations. These findings 

emphasize the importance of considering chemo-mechanical behavior in accurately predicting 

the behavior of concrete structures over time. Furthermore, they highlight the limitations of 

simplified models in capturing the complex behavior of real-world structures. 

  
(a) I-section girder (Lesner bridge)      (b) Box-section girder (Aden Road bridge) 

Figure 5.28.  Comparison of analytical model without considering chemo-mechanical 

behavior with the simplified approach in the FIB code. 

The analysis results pertaining to the scenarios where the influence of cracking is 

disregarded are of paramount importance in comprehending the necessity of coupled analysis 
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(while accounting for electrochemical reaction). In this regard, a comparative evaluation is 

conducted on the cross-sectional area loss of prestressing wires between cases with and without 

cracking. Figure 5.29 provides a close examination of the analysis results concerning the cross-

sectional corner region of the Lesner bridge girder at the end of its service life. The mechanical 

damage in the concrete caused by the production of expansive corrosive products has 

significantly impacted the ingress of chloride into the concrete medium, as evident from the 

contour fills. 

 

  (a) With mechanical damage  (b) Without mechanical damage 

Figure 5.29.  Impact of mechanical damage (cracking) in the chloride ingress in Lesner bridge 

girder. 

A thought-provoking comparison can be made regarding the cross-sectional area loss of 

prestressing wires. Figure 5.30 presents a comparison of the normalized area loss of 

prestressing wire, taking into account the cracking effect in the analysis versus the analysis 

without considering cracking. Remarkably, the analysis that neglected the cracking effect 

significantly underestimated the area loss of the steel by more than a factor of two at the end of 

the service life. This graph effectively highlights the crucial role of mechanical damage in the 

analysis and emphasizes the necessity of employing a comprehensive thermo-hydro-chemo-

mechanical model to obtain a reliable estimate of the service life of bridge girders. 
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Figure 5.30. Impact of cracking on the cross-sectional area loss of prestressing wires. 

5.7 Conclusions 

This study presents a novel coupled thermo-hydro-chemo-mechanical modeling 

approach to accurately describe the intrusion of corrosion-inducing chloride ions into the porous 

network of concrete and subsequent mechanical damage. The proposed approach includes 

constitutive laws to capture the coupling between mechanical damage and chloride-moisture 

transport. The finite element framework focuses on coupled heat transfer, moisture flow, 

chloride transport, electrochemical oxidation-reduction reaction, and mechanical damage, and 

it has been calibrated with a large set of experimental data on prismatic and cylindrical concrete 

specimens. Subsequently, the proposed scheme has been applied to two bridge girders taken 

from two bridges in Virginia after 49 and 34 years of service. The analyses on concrete 

specimens demonstrate the importance of coupling between various phenomena, particularly 

advection-diffusion, coupled with mechanical damage. Furthermore, the analyses of the girders 

provide a reliable estimate of the experimentally observed behavior of both the chloride-

induced corrosion damage in prestressing steel material and the surrounding concrete. The 

study also compares the proposed coupled Multiphysics approach with a case that does not 
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consider chemo-mechanical damage, highlighting the importance of cracking in the 

propagation of damage in strands. In addition, the limitations of the simplified FIB model code 

in estimating the service life of the girder are shown. These findings emphasize the importance 

of considering chemo-mechanical behavior and coupling between various phenomena in 

accurately predicting the behavior of concrete structures over time.
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Chapter 6  

Uncertainty Quantification for Chloride -

Induced Corrosion Damage in Concrete Bridge  

This Chapter investigates the impact of uncertainties associated with chloride ingress in 

prestressed concrete bridge girders. The mathematical description of advective and diffusive 

chloride transport entails a dependence on quantities associated with the boundary conditions, 

e.g., the surface chloride quantity, and with the constitution of the concrete material, e.g., the 

moisture and chloride diffusivity parameters. These parameters are all characterized by aleatory 

(inherent) uncertainty; accordingly, this uncertainty will propagate into various Quantities of 

Interest (QoI), namely, the value of chloride content at given locations of the bridge section and 

at given age values, or the probability of the corrosion at a particular age. The uncertainty 

quantification study presented herein relies on the so-called stochastic collocation approach, 

selected for its non-intrusive character, which renders it appropriate for case with high-fidelity 

computational simulation schemes. 

6.1 Analysis methodology 

Our first step in this chapter is to develop a finite element approach that can accurately 

account for the coupled heat-moisture-chloride transport and predict the concentration of 

chloride at different depths. Once this is established, we will select the most influential model 

parameters and assign specific values to obtain the desired quantities of interest. 

To begin, we will provide a brief summary of the mathematical implementation of our 

approach. Next, we will elaborate on our scheme for using the stochastic collocation approach, 
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which can provide an accurate estimate of the Monte Carlo simulation. Due to the complexity 

of our model, traditional Monte Carlo simulation is not feasible, but we believe the stochastic 

collocation approach will yield satisfactory results.  

6.2 Description of the Girders 

This study examines two decommissioned prestressed concrete bridge girders from 

Virginia, selected as representative examples of common bridge construction in the region. The 

first specimen, extracted from the Lesner Bridge in Virginia Beach, had served for 49 years 

before its decommissioning. It featured an I-shaped cross-section, and its extraction process 

involved carefully saw-cutting the slab on either side of the girder to separate it from the rest 

of the bridge structure. To evaluate the performance of these bridges, a chloride titration test 

was conducted on the girder when it reached the age of 51, two years after the bridge's 

demolition. The second specimen, which had a box-section geometry, was removed from the 

Aden Road Bridge near Quantico, Virginia after 34 years of service. Following the demolition 

process at the end of its service life, the girder was relocated to a separate location and tested at 

40 years of age. 

Figure 6.1 depicts the cross-sectional geometry of the two girders. The I-section girder 

had a 51 mm thick concrete overlay, whereas the box-section girder had a 38 mm asphalt 

topping that was removed during the demolition process. 
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    (a) I-section girder          (b) Box-section girder 

    Figure 6.1. Cross-sectional geometry of girders (dimensions in mm) 

 

Both girders exhibited significant corrosion damage, which was particularly pronounced 

in the strands situated near the lower corners of their sections. This extensive corrosion led to 

concrete cracking and complete loss of cover in these areas. 

  Figure 6.2 presents an overview of the girders' condition towards the end of their 

service life, along with damage maps that illustrate the extent of deterioration across the cross-

sections of both girders. 

 

(a) Severe corrosion 

damage in Box-section 

girder 

(b) Typical estimated 

damage from visual 

inspection for Box-

section girder 

(c) Severe corrosion 

damage in I-section 

girder 

(d) Typical 

estimated damage 

from visual 

inspection for I-

section girder 

Figure 6.2. Corrosion-induced corrosion damage in prestressed concrete bridge girders 
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6.3 Multiphysics Mathematical Model 

The mathematical model corresponds to a bridge girder, which constitutes the domain 

ɋ of the physical processes affecting the intrusion of chloride in concrete. The model 

incorporates three distinct physical processes: heat transfer, moisture transport, and chloride 

transport through both advection and diffusion mechanisms. The boundary conditions involve 

the flow of heat, moisture, and chlorine across the surface ũ. The following sections provide a 

detailed account of the differential equations that govern the kinetics of each physical process. 

6.3.1 Equations for Heat Transfer 

The conservation of energy principle governs the differential equation for heat transfer, 

which is expressed by the following law. 

 
0  T

T
c q

t
r

µ
Ö Ö +Ð =

µ
 (6.1) 

where T, ɟ and c represent temperature (K), density (kg/m3) and specific heat capacity of the 

material [J/(kgĀK)], respectively. The heat flux vector, Tq , represent the amount of heat through 

a given surface area (W/m2). This vector field can be obtained from Fourier's law, which 

describes the relationship between heat flux and temperature gradient in a material: 

 
T Tq k T=- Ð (6.2) 

where Tk  represents the thermal conductivity of the material [W/(mĀK)] and TÐ  denotes the 

temperature gradient.  

The mathematical description of the boundary conditions for heat transfer includes both 

heat convection and solar radiation, given by: 

 ( )T T amb sq n T T qb= - - (6.3) 
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In this context, n  represents the unit normal outward vector, Tb is a surface heat transfer 

coefficient [W/(m2ĀK)] , and the last term corresponds to the amount of heat added per unit 

surface area due to solar radiation (Aliasghar-Mamaghani et al., 2023), which is given by 

sq a I= . Here, a represents a surface absorptivity factor and I is the solar irradiance (W/m2). 

6.3.2 Equations for Moisture Transport 

The governing differential equation for moisture transport is derived by applying the 

principle of conservation of mass, which is mathematically given by: 

 1
0

h
j

k t

µ
Ö +Ð =
µ

m  (6.4) 

The first term identifies the moisture capacity, 
e

k h w=µ µ, h represents the field relative 

humidity, we represent the evaporable moisture content, and the moisture flux vector is given 

by 
mj D h=- Ðm

. Here, Dm is the moisture diffusion coefficient [kg/(mĀs)] and the hÐ is the 

gradient of the field function. In concrete, there are two primary types of moisture content: 

chemically bound water and evaporable moisture content. Chemically bound water is held 

within the calcium silicate hydrate (C-S-H) layers and can undergo significant fluctuations 

under extreme conditions, as demonstrated in previous research (Baģant and Jir§sek, 2018).  As 

such, in this study, we have exclusively employed evaporable water content as a measure of 

moisture fluctuations within the porous network of the concrete. 

The relationship between evaporable water content and relative humidity can be 

characterized by the sorption isotherm, which exhibits a distinctive shape depending on whether 

the process involves absorption (wetting) or desorption (drying). Accordingly, this study 

utilizes the following equation to describe the sorption isotherm (Van Genuchten, 1980): 
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 ( )1 1

1 ( ln ) 1
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ê ú

 (6.5) 

where we1 (kg/m3) represents the maximum evaporable moisture content and b, m are constant 

model parameters. The constitutive law describing the moisture diffusion coefficient is in 

accordance with a model by Baģant and Najjar (1972): 
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 (6.6) 

where c1 [kg/(mĀs)] is the permeability at full saturation (i.e., at h = 1) and, hc, r and a0 are 

constant model parameters. 

The following formulation corresponds to the mathematical model used to describe 

moisture convection across the boundary: 

 (ln ln )m e ambj n ɖ h h= -  (6.7) 

where ɖe is a constant moisture emissivity coefficient [kg/(m2Ās)]. 

6.3.3 Equations for Chloride Transport  

The differential equation that governs chloride transport is derived from the principle of 

mass conservation and is given by the following equation (Maekawa et al., 2003; Maekawa, 

2008): 

 
( ) 0l f clS C j

t
j

µ
Ö Ö +Ð =

µ
 (6.8) 

where Cf is the concentration of free chloride (mol/m3), j represents the porosity and Sl is the 

saturation degree. The chloride flux vector is the combination of two contributions: diffusion 

and advection, which are driven by the concentration gradient, fCÐ , and the velocity of 

moisture flow, v , respectively. The following law describes the flux term: 
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cl l cl f l fj S D C S v Cj j=- Ö Ö ÖÐ + Ö Ö Ö (6.9) 

 The chloride diffusion coefficient is influenced by the temperature and is determined 

from the following equation:  
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 (6.10) 

where D0 is a reference chloride diffusion coefficient (m2/s), 
dQ is the activation energy (J/mol), 

R is the universal gas constant, equal to 8.3145 J/(molẗK), Tref is a reference temperature equal 

to 293.15 K (20oC), and T is the absolute temperature.  

The total chloride content (Ct) in concrete is composed of two components: free 

chloride, which can move freely within the porous network, and bound chloride, which is bound 

to the pore walls. The total chloride content can be mathematically expressed using the 

following relationship: 

 
t f bC C C= +  (6.11) 

The relationship between bound and free chloride is mathematically described using the 

following equation (Aliasghar-Mamaghani et al., 2023): 

 
() ()( )

0.7

1.5
b m f m

C C=  (6.12) 

where Cb(m) and Cf(m) are the concentration of free and bound chloride in percentage of cement 

mass. The mass convection across the boundary surface is taken into account through the 

boundary condition, which can be expressed as: 

 ( )cl cl f ambj n C Cb= -  (6.13) 

where ɓcl is a surface chloride transport coefficient, and Camb is the concentration of chloride in 

the ambient environment. 
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6.4 Quantification of Uncertainty Propagation 

As highlighted previously, the objective of the computational is to predict two 

Quantities of Interest (QoI) in the interior body of the girders. Specifically, these QoIs are the 

chloride content and probability of corrosion. The latter is associated with the quantity of the 

chloride that exceeds a threshold value, also known as Ccr. 

The value of several model parameters affecting the intrusion of the chloride in concrete 

bridge girders is governed by uncertainty. This uncertainty extends to various boundary 

quantities, as well as model parameters within the constitutive law of the concrete material. 

This study adopts the surface chloride content, chloride diffusion coefficient, moisture diffusion 

coefficient, and critical chloride as key model parameters affecting the uncertainty of chloride-

induced corrosion damage. It is thus important to quantitatively evaluate the propagation of 

uncertainty to the QoI. Among several approaches in the literature (Smith, 2013), the present 

study rely on Stochastic Spectral Methods (SSM), which establish spectral expansions (also 

called polynomial chaos expansions) to represent stochastic processes.  In order to comprehend 

the nature of these methods, a stochastic process is defined with the purpose of evaluating a 

scalar field value, ( , ,{ })x t QF , which is also dependent on a set of random-valued parameters, 

{Q}.  

 

1

( , ,{ }) ( ( , ) ({ }))
K

k k

k

x t Q x t Q
=

F = F ÖYä  (6.14) 

where 1,2,3,  ,  ,k k K= »Y , is a set of predefined polynomial functions in the parametric space 

and ( , )k x tF  is the time-dependent field term associated with the kth polynomial. Each ( , )k x tF  

is calculated through a finite element (piecewise) discretization in space and a step-by-step 

discretization in time, in accordance with the generalized trapezoidal rule. 
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The use of spectral expansions gives rise to the Stochastic Galerkin method, which in 

turn is the basis for the stochastic finite element analysis (Smith, 2013). A practical difficulty 

of the Stochastic Galerkin method is that the integration in the physical and parametric spaces 

is coupled. This would lead to a so-called intrusive computational algorithm, in the sense that 

integration in physical space cannot be decoupled from integration in the parametric space. This 

would require substantial modification of the finite element scheme, which is deemed 

undesirable. The present study will rely on the collocation method, which is also a type of SSM 

and enables the decoupling of the parametric and physical domain integrations during numerical 

computation. Several decisions were reached before applying the SSM.  It is postulated that the 

distinct model parameters are mutually independent and have a normal distribution. Within the 

scope of this study, a truncated normal distribution is assigned to each model parameter. The 

parameters for the truncated normal distribution are established through a review of prior 

literature (Vassie, 1984; Weyers et al., 1994; McGee, 1999; Maekawa, 2008; FIB, 2013; Baģant 

and Jirásek, 2018; Aliasghar-Mamaghani et al., 2023). This assumption facilitates the 

calculation of the joint probability density function of the different model parameters, ( )Q qr .  

The range of model parameters for chloride diffusion coefficient, moisture diffusion 

coefficient, and critical chloride are identical in both girders. In particular, the minimum and 

maximum values for chloride diffusion coefficient were assigned to a value of 10-13 m2/s and         

10-11m2/s, respectively (McGee, 1999). The corresponding values for the moisture diffusion 

coefficients were 5.80·10-9 kg/m.s and  8.33·10-8 kg/m.s, respectively (FIB, 2013; Aliasghar-

Mamaghani et al., 2023), as shown in Figure 6.3.  
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Figure 6.3. Truncated normal distribution for moisture diffusion coefficient. 

 

The minimum value for the critical chloride corresponds to 0.1% (of cement mass) for 

both specimens, while the maximum value of the critical chloride were assigned 0.55% and 

1.3% (of cement mass) for specimens exposed to deicing salts and saltwater spray, respectively. 

These values led to the selection of the mean value of 0.225% and 0.6% (of cement mass) for 

specimens exposed to deicing salts and saltwater spray, respectively (Aliasghar-Mamaghani et 

al., 2023). These values are consistent with the values reported in the literature (Vassie, 1984; 

Maekawa et al., 2003; FIB, 2013). The source of surface chloride was different for the two 

girders. As such, the minimum and maximum surface chloride for the Lesner bridge girder, 

which was exposed to saltwater spray, were assigned values of 0.21 kg/m3 and 12.83 kg/m3 

(McGee, 1999). However, for the Aden bridge girder, which was exposed to deicing salts, the 

minimum and maximum surface chloride values were assigned to 0.24 kg/m3, and 3.364 kg/m3, 

respectively (Weyers et al., 1994). 

Considering the influential parameters mentioned above, a total of six intervals per 

parameter were taken into account. This led to a total of 216 analyses for each girder, resulting 

in 432 analyses in total. The computational time for each analysis varied based on its 
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complexity. Leveraging the power of 128 CPU cores, the typical duration for each analysis was 

approximately 12 hours, accumulating to over 660,000 core-hours of runtime. 

6.5 Algorithmic Implementation of Spectral Collocation Approach 

The Stochastic Collocation (SC) approach provides a non-intrusive solution for solving 

problems involving two sets of spaces: the physical space and the parametric space. In this 

approach, a set of collocation points is generated from the parametric space using deterministic 

or stochastic methods. 

The SC method relies on evaluating the governing differential equations at these discrete 

collocation points to obtain the solution. The discrete projections of the solution involve 

approximating the solution using integration techniques. By solving the resulting system of 

equations, which arises from evaluating the differential equations at the collocation points, the 

solution can be computed for the given set of parameters. 

The spectral collocation was implemented as an n-dimensional trapezoidal rule of 

integration in the parametric space. The collocation points were used as quadrature points in 

the trapezoidal rule. Given the quantity of interest Y, that can be the concentration of a species 

at a specific location, at a specific time instant in the computational analysis, and the values of 

the probability density function, r ,Q j , and the weight coefficient Wj  for each point j in the n-

dimensional parametric space, the expected value of Y is given by: 
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where js  is: 

 
j

j

s
s

s
=
ä

 (6.16) 



Chapter 6. Uncertainty Quantification for Chloride-Induced Corrosion Damage in Concrete Bridge  

 

178 

 

where ,j Q j jWs r= Ö . It is worth mentioning that the purpose of equation (6.16) is to regularize 

the parameter js  and ensure the following condition is met: 
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The probability of corrosion can be attained by incorporating the impact of critical 

chloride in the analyses. The mathematical description of corrosion probability at a given time 

can be obtained from the following equation: 
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where N is the number of collocations point for critical chloride, and Fc is the cumulative 

distribution of chloride. 

6.6 Results 

The analysis results for the Lesner bridge girder are presented first, followed by the 

results for the Aden Road bridge girder. Figure 6.4(a) shows the time histories of the total 

chloride, as well as the expected value and the 22nd and 78th percentiles for a strand situated 

away from the cross-sectional corner region. An important aspect to consider in the analysis of 

such specimens is the time at which the chloride concentration surpasses the critical value, as 

this can lead to a significant increase in the corrosion rate. Although this quantity can be 

obtained from a probabilistic standpoint by incorporating the critical chloride content in the 

analysis (and the evaluation of corrosion probability), it is of interest to compare the threshold 

value with the overall time history. Depending on the climatic conditions and with a threshold 

value of 0.60% (Aliasghar-Mamaghani et al., 2023), the time-to-first occurrence of significant 
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corrosion rate for some bridges (histories shown in gray) may be less than five years. The 

expected equivalent value is approximately 16 years, and there may be some bridges that are 

free from corrosion. The corresponding analysis results for a strand located in the vicinity of 

the cross-sectional corner are depicted in Figure 6.4(b). As expected, the distribution of total 

chloride for this particular strand is larger than the previous one. By considering a similar 

concept for the threshold value, the time-to-first occurrence of significant corrosion rate in this 

particular strand is even shorter. 

  

a) Strand away from the cross-sectional 

corner region 

b) Strand in the vicinity of the cross-

sectional corner region 

Figure 6.4. Stochastic temporal evolution of chloride for two strands at different locations in 

Lesner bridge girder (I-section girder). 

Figure 6.5(a) illustrates the time histories of chloride for a strand located away from the 

cross-sectional corner region in the Aden Road bridge girder. As the source of the chloride was 

deicing salt, the concentration in this specimen was relatively low. Assuming a threshold value 

of 0.22% for this bridge type, the time-to-first occurrence of significant corrosion rate for this 

strand, similar to the Lesner bridge girder, may vary significantly. Figure 6.5(b) displays the 

time history of the chloride concentration for a strand situated in the vicinity of the cross-
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sectional corner region. As expected, the distribution of the time histories and expected value 

is higher for this specimen due to the strand's location in the corner region. 

  

a) Strand away from the cross-sectional 

corner region 

b) Strand in the vicinity of the cross-

sectional corner region 

Figure 6.5. Stochastic temporal evolution of chloride for two strands at different locations in 

Aden Road bridge girder (Box-section girder). 

The analytical results yield valuable insights into the cumulative distribution of chloride 

content. Figure 6.6 (a), demonstrates the cumulative distribution function (CDF) at various 

time intervals throughout the Lesner bridge girder's service life. Notably, assuming a threshold 

value of 0.6%, the CDF attains 99% after five years, while the corresponding value after 49 

years is 10%. The analysis results for a strand near the cross-sectional corner region reveal 

lower values, which is related to the specific exposure conditions of that strands in the corner 

regions. 
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a) Strand away from the cross-sectional 

corner region 

b) Strand in the vicinity of the cross-

sectional corner region 

Figure 6.6. Cumulative distribution of chloride for strands at different location in Lesner 

bridge girder (I-section girder) 

The cumulative distribution of the total chloride for a strand away from the cross-

sectional corner region in the Aden bridge girder is illustrated in Figure 6.7(a). It is observed 

that for a chloride concentration of 0.22%, the CDF reaches unity after five years, with varying 

values observed at other times. Additionally, the CDF of total chloride content for a strand 

located away from the cross-sectional corner region is depicted in Figure 6.7(b). The CDFs 

cover a broader spectrum of chloride concentrations, with lower values obtained for a particular 

total chloride content, which suggests a higher probability for corrosion. 

  

a) Strand away from the cross-sectional 

corner region 

b) Strand in the vicinity of the cross-

sectional corner region 

Figure 6.7. Cumulative distribution of chloride for strands at different locations in the Aden 

Road bridge girder (Box-section girder). 
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A noteworthy inquiry concerns the precision of the stochastic collocation approach and 

its comparison with the results of Monte Carlo simulation. Figure 6.8 presents the expected 

chloride values (or mean,m) derived from Monte Carlo simulations for strands positioned at 

different locations within the Lesner bridge girder during its service life. As observed, the 

stochastic collocation approach yields a reliable estimation that corroborates the accuracy of 

our methodology versus Monte Carlo simulation. Particularly, the expected chloride values 

obtained through the Stochastic Collocation approach closely approximate those obtained via 

Monte Carlo simulation. 

  

a) Strand away from the cross-sectional 

corner  

b) Strand in the vicinity of the cross-

sectional corner  

Figure 6.8. Expected chloride content obtained from the Monte Carlo simulation and 

Stochastic Collocation approach for strands at different locations in Lesner bridge girder (I-

section girder). 

Within the same context, the expected chloride content for the Aden bridge girder is 

visually presented in Figure 6.9.  

Monte Carlo Stochastic Collocation Monte Carlo Stochastic Collocation
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a) Strand away from the cross-sectional 

corner region 

b) Strand in the vicinity of the cross-

sectional corner region 

Figure 6.9. Expected chloride content obtained from the Monte Carlo simulation and 

Stochastic Collocation approach for strands at different locations in Aden Road bridge girder 

(Box-section girder). 

The subsequent stride in verifying the effectiveness of the Stochastic Collocation (SC) 

approach involves comparing the standard deviation (s) and its correspondence with Monte 

Carlo (MC) results. In this regard, Figure 6.10 presents the standard deviation of the expected 

chloride content for distinct strands within the Lesner bridge girder throughout the bridge's 

service life. Notably, the outcomes obtained from the SC analysis consistently exhibit a 

remarkable resemblance to those derived from MC analysis. This proximity between the SC 

and MC results reinforces the robustness and accuracy of the SC approach. 

 

Monte Carlo

Stochastic Collocation

Monte Carlo

Stochastic Collocation
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a) Strand away from the cross-sectional 

corner region 

b) Strand in the vicinity of the cross-

sectional corner region 

Figure 6.10. Standard deviation of chloride content obtained from the Monte Carlo 

simulation and Stochastic Collocation approach for strands at different locations in Lesner 

bridge girder (I-section girder). 

Proceeding in a similar vein, Figure 6.11 portrays the standard deviation of strands 

located at different positions within the Aden bridge girder throughout its service life. Again, a 

comparison between the SC and MC analyses substantiates the accuracy and effectiveness of 

the SC method. The SC results exhibit a notable agreement with the corresponding outcomes 

obtained through MC, affirming the reliability and robustness of the SC approach. 

 

 

Monte Carlo Stochastic Collocation Monte Carlo Stochastic Collocation
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a) Strand away from the cross-sectional 

corner region 

b) Strand in the vicinity of the cross-

sectional corner region 

Figure 6.11. Standard deviation of chloride content obtained from the Monte Carlo 

simulation and Stochastic Collocation approach for strands at different locations in Aden 

bridge girder (Box-section girder). 

The probability of corrosion is the ultimate goal of this study. Figure 6.12 presents the 

probability of corrosion for strands located in the vicinity and away from the cross-sectional 

corner region in two different bridge girders. As anticipated, the probability of corrosion for 

strands in the vicinity of the cross-sectional corner region is higher than for strands located 

away from this region in both girders. The probability of corrosion for the Lesner bridge girder 

(shown in Figure 6.12a) is in close agreement with the experimental observations presented in 

Figure 6.2d, where signs of corrosion were observed for both strands in the vicinity of and 

away from the corner region. Along the same lines, the probability of corrosion for the Aden 

Road bridge girder (shown in Figure 6.12b) is consistent with experimental observations shown 

in Figure 6.2b. 

Monte Carlo Stochastic Collocation Monte Carlo Stochastic Collocation
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a) Strands in Lesner bridge girder (I-

section girder). 

b) Strands in Aden Road bridge girder 

(Box-section girder). 

Figure 6.12. Probability of corrosion for strands near and away from the cross-sectional 

corner region in two different bridge girders. 

 

6.7 Conclusions 

This study investigated the impact of uncertainties associated with chloride ingress in 

prestressed concrete bridge girders. An uncertainty quantification study using a multi-physics 

scheme is conducted for two quantities of interest, namely the chloride content of strands at 

different locations, and probability of corrosion. The study focused on two prestressed concrete 

bridge girders that have been in service for 34 and 49 years. The finite element framework 

employs a nonlinear Multiphysics scheme that accounts for coupled heat, moisture, and chloride 

transport, making it a robust and accurate analysis tool. Four influential model parameters, 

including moisture and chloride diffusion coefficient, surface chloride, and critical chloride, are 

considered for the analysis, with each parameter divided into six intervals to account for 

variability. The stochastic collocation approach is used in the analysis to obtain the expected 

value of chloride for each time interval during the service life of the girders. The analytical 

model was found successful in capturing the expected value of chloride for strands situated in 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 5 10 15 20 25 30 35 40 45 50

P
ro

b
a

b
il
it
y
 o

f 
c
o

rr
o

s
io

n

Time (year)

Away from corner

Near corner
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 5 10 15 20 25 30 35

P
ro

b
a

b
il
it
y
 o

f 
c
o

rr
o

s
io

n

Time (year)

Away from corner
Near corner



Chapter 6. Uncertainty Quantification for Chloride-Induced Corrosion Damage in Concrete Bridge  

 

187 

 

both the vicinity and away from the cross-sectional corner region. Additionally, the model 

provides valuable insights into the cumulative distribution of chloride at specific time intervals, 

which is a critical parameter in assessing the probability of corrosion. The results from CDF 

reveal that the probability of corrosion is high for bridges after 20 years of service, with the 

CDFs for both bridges located in or away from the coastal zone showing a similar level of 

congestion at that time interval. Overall, the computational framework and analysis provide 

essential information for bridge engineers to assess the risk of corrosion in bridge girders and 

develop appropriate maintenance and repair plans. 
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Chapter 7  

Conclusions and Recommendations for Future 

Research 

This chapter provides a summary of the main contributions presented in this 

dissertation, together with pertinent conclusions reached. The chapter is completed through a 

series of suggestions for future research, building on the findings of the present study.    

7.1 Summary and Conclusions 

A computational framework was proposed to provide a quantitative assessment of the 

impact of corrosion on the capacity of eight prestressed concrete bridge girders that underwent 

experimental testing. Two types of nonlinear models were utilized in the analysis: beam models 

with a fiber sectional law and truss models, with the latter approach being used for shear failure 

analyses. These models were combined with uniaxial stress-strain laws for concrete and steel, 

as well as a procedure to incorporate the influence of visually observed corrosion damage on 

the resistance of a girder section. 

The analytical models utilized were capable of accurately reproducing the load-

displacement response and failure modes for the prestressed concrete bridge girders. Additional 

analyses facilitated the determination of the significant impact of corrosion on the flexural 

capacity of several girders that displayed visible corrosion damage. The use of the flexural 

strength equations in the AASHTO code provided satisfactory estimates of the peak capacity 

when accounting for corrosion section loss. However, it overestimated the strength of a 

significantly damaged girder with a box section. A crucial consideration for box-girders is the 
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potential for trapped water in the hollow space, which may exacerbate strand degradation. A 

conservative approach for evaluating the flexural capacity of such girders is to apply a small 

reduction to the area of all strands located below the level of the potentially trapped water. 

Corrosion damage to the longitudinal strands at the bottom of the section had minimal impact 

on the shear strength, but it significantly affected the deformability of a girder that failed in 

shear.  

This dissertation also introduced a computational simulation framework to describe 

chloride ingress in prestressed concrete bridge girders. The framework employed a finite 

element formulation that considered heat transfer, moisture flow, and chloride transport. 

Material test data from literature were utilized to calibrate the framework, and data from 

chloride measurements conducted on two prestressed girders, exhibiting corrosion-induced 

damage and removed from two bridges in Virginia, were employed for validation purposes. 

Further analysis demonstrated the significance of advective chloride transport entailed by 

moisture flow, as neglecting this mechanism resulted in a significant underestimation of the 

chloride content. The analysis satisfactorily reproduced the experimentally measured chloride 

content distributions with depth, accounting for the storage of the girders away from the bridges 

before testing. The comparison of the chloride content with the respective critical value 

estimates indicated that corrosion damage was expected for both girders, especially for strands 

in the vicinity of the sectional corners, which is consistent with the actual corrosion damage 

observed. The simplified, design-oriented equations in the FIB code to determine the evolution 

of chloride ingress generally underestimated the chloride content, implying that these equations 

may not provide conservative results when evaluating the likelihood of corrosion and the 

anticipated corrosion initiation time for a bridge girder. 
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The third part of this dissertation presents a novel approach for accurately modeling the 

intrusion of corrosion-inducing chloride ions into concrete and the subsequent mechanical 

damage. The proposed approach involves Multiphysics descriptions of heat transfer, moisture 

flow, chloride transport, electrochemical reactions and mechanical damage. It incorporates 

constitutive laws for concrete that capture the coupling between cracking and chloride-moisture 

transport. The Multiphysics scheme was calibrated with a large set of experimental data on 

prismatic and cylindrical specimens, and subsequently applied to two bridge girders taken from 

Virginia after 49 and 34 years of service.  

The analyses on concrete specimens demonstrated the importance of coupling between 

various phenomena, particularly advection-diffusion coupled with mechanical damage. 

Furthermore, the analyses of the girders provided reliable estimates of the experimentally 

observed behavior of both the chloride-induced corrosion damage in prestressing steel material 

and the surrounding concrete. The study also compared the proposed coupled Multiphysics 

approach with a case that did not consider chemo-mechanical damage, highlighting the 

importance of cracking in the propagation of damage. Additionally, the limitations of the 

simplified FIB model code in estimating the service life of the girder were shown. These 

findings emphasize the significance of considering chemo-mechanical coupling for accurately 

predicting the performance and durability of concrete structures. 

The last part of this dissertation quantifies the uncertainty governing two significant 

quantities, namely, the chloride content temporal evolution and the corrosion initiation time for 

strands located at critical locations of a girder section. The quantification is conducted by means 

of a stochastic collocation approach, using the modeling scheme described in Chapter 4. 

Uncertainty was assumed to be the result of propagated aleatory uncertainties governing four 
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input model parameters, i.e. the moisture and chloride diffusion coefficients, surface chloride, 

and critical chloride. The uncertainty quantification study reveals a high probability of 

corrosion occurring after 20 years of service. The results of this study provide critical 

information for bridge engineers to assess the risk of corrosion in bridge girders and develop 

appropriate maintenance and repair plans. 

7.2 Major Contributions   

The present study has provided the following contributions: 

¶ A conceptually simple, computationally efficient and accurate simulation framework for 

quantitatively assessing the impact of visually observed corrosion damage on the capacity 

of prestressed concrete bridge girders. 

¶ Evaluation of the accuracy of design-oriented equations, based on the AASHTO 

specification, for calculating the residual flexural and shear strength of damaged girders. 

¶ A Multiphysics computational scheme to describe chloride ingress in prestressed concrete 

bridge girders, accounting for actual climatic conditions in the vicinity of a bridge. 

¶ Investigation of the significance of advective chloride transport (affected by moisture 

movement).  

¶ Evaluation of the capability of the design equations in the FIB code to provide accurate 

estimates of the chloride content time histories at critical locations of prestressed girder 

sections. 

¶ Mathematical formulation and computational implementation of a fully coupled, thermo-

hydro-chemo-mechanical model, accounting for the occurrence of corrosion-induced 

cracking and the impact of cracks on the chloride ingress mechanisms. 
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¶ Phenomenological laws accounting for the electrochemical corrosion reaction kinetics, the 

formation of corrosion products and the volumetric expansion associated with these 

products. 

¶ Quantification of impact of cracking on the chloride content evolution at the locations of 

prestressing strands. 

¶ Quantification of uncertainty governing decision variables for the maintenance of bridges, 

such as the corrosion initiation time and the chloride content evolution.  

7.3 Recommendations for future research 

¶ The proposed algorithm has demonstrated its effectiveness in estimating the shear and 

flexural capacity of bridges in a specific region. To further validate its applicability, it 

is recommended to apply the algorithm to bridges in other regions and assess its 

performance. Specifically, investigating the impact of corrosion on the ultimate shear 

strength of bridges would be valuable. Furthermore, the algorithm's ability to accurately 

predict the shear strength of prestressed concrete girders with significant visual damage 

in shear reinforcement is of interest and can be explored further. These investigations 

can provide insights into the algorithm's robustness and its potential for wider 

application. 

¶ Investigation of performance for bridges located in other states (e.g., Texas, Florida, 

California), to see impact of different climate conditions on anticipated durability. 

¶ Account for impact of extreme climatic events. 

¶ Account for impact of mechanical damage due to other factors (e.g., traffic, natural 

hazards such as earthquakes). 
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¶ Extend investigation to building structures. 

¶ Account for other potentially important factors which may impact durability, e.g., 

carbonization, alkali-silica reaction (if applicable). 

¶ Investigate efficient sampling/quadrature approaches to be used in conjunction with 

stochastic collocation method. These approaches may allow finer discretization in 

parametric space, while also circumventing the so-called curse of dimensionality (i.e., 

the huge increase in the number of runs required if we increase the number of intervals 

and we are considering the variability of many parameters). 
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Appendix A.  

Computation of Solar Irradiance for Solar 

Radiation 

This section provides a comprehensive overview of the solar irradiance, which can be 

developed in the following form: 

 cosnI I ɗ=  (A. 1) 

where ɗ is the incidence angle showing the angle between sun rays and the normal to the 

surface, and In is the solar energy on the earth surface (Kehlbeck, 1975). The value of cosɗ is 

obtained from the following equation. 

cos sin sin cos sin cos sin cos cos cos cos cos

cos sin sin cos cos cos sin sin sin

g g g

g

ɗ ŭ ű ɓ ŭ ű ɓ ɔ ŭ ű ɓ Ű

ŭ ű ɓ ɔ Ű ŭ ɓ ɔ Ű

= - +

+ +
 (A. 2) 

where űg is the geographic latitude, ɔ is the surface azimuth angle, i.e., the angle between the 

projection of the normal to the surface and the local meridian, with zero due south, westward 

positive, Ű is the hour angle, counting from noon and changing 15̄ per hour, with positive and 

negative signs for the morning and afternoon hours, respectively, ɓ is the surface inclination 

angle, i.e., the angle between the plane of the surface and the horizontal, and ŭ is the solar 

declination, defined as: 

 ( )23.45sin 360 284 365Dd= +è øê ú (B. 3) 

where D is the day of the year. The value of In is obtained as: 

 
n sc tr eI I K d=  (A. 4) 

where the solar constant Isc is the rate of solar energy per unit time at all wavelengths incident 

received on a surface normal to the sunôs rays, outside the earth atmosphere (Iqbal, 2012), Ktr 
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is the transmission factor, accounting for attenuation of solar radiation, and de is the mean 

distance of the earth from the sun, the value of which is estimated herein using the following 

equation.  

 1.000110 0.034221 cos 0.001280 sin

0.000719 cos 2 0.000077 sin 2

e B B

B B

d + +

+ +

=  (A. 5) 

where,  

 360( 1) 365B D= -  (A. 6) 

The transmission factor Ktr in Equation (A. 4) can be obtained using the following 

expression. 

 /sin ( 5 )
0.9 a u a

tr

k t ɗ
K

¯+
=  (A. 7) 

where ka is the ratio of the atmospheric pressure to that at sea level (assumed here to be equal 

to 1), tu is the turbidity factor accounting for the air pollution and clouds, and ɗa is the solar 

altitude.  

The equations accounting for solar radiation require the calibration of two parameters, 

namely, Isc and tu. The present study has used Isc =  1353 W/m2 and tu = 2, in accordance with 

recommendations of NASA (NASASP-8005, 1971) and Dilger et al. (1983), respectively.  

The heat transfer due to solar radiation is applied in the analyses during the steps 

corresponding to the presence of daylight, i.e. the part of a day between the sunrise time, tsr, 

and the sunset time, tss. For a given day in the year, the two values tsr, tss are estimated herein 

using the following equations. 

 ( )112 cos tan tan 15sr gt ŭ ű-è ø= - -
ê ú

 (A. 8) 
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 ( )112 cos tan tan 15ss gt ŭ ű-è ø= + -
ê ú

 (A. 9) 

 

The geographic latitude for the location of the Lesner bridge was űg = 36.8529°, while for 

the Aden Road bridge it was űg = 38.6415°. 
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Appendix B.  

SUPG Stabilization for Finite Element Analysis 

of Advection-Diffusion Problem 

The SUPG technique adds the following term to the weak form for a linear element with 

zero source term (Donea and Huerta, 2003): 

 [ ]
e

fv w v C dVt
W

¶Ð Ö Ö ¶Ðñññ  (B. 1) 

Accordingly, the coefficient array ( )e

clKè øê úshould be updated by adding the following 

term:  

 [ ] []{}{}[]
T

e

T

SUPGK B v v B dVt
W

=ñññ  (B. 2) 

where  

 

2

v

v
t=  (B. 3) 

 0.5( )v v h v hz z h hz h= Ö Ö + Ö Ö (B. 4) 

 1
coth( )e

e

P
P

z

z

z= -  (B. 5) 

 

2
e

cl

v h
P

D

z z

z

Ö
=  (B. 6) 

 v v ez z= Ö (B. 7) 

where hzis the element size and ezis the unit vector in the direction of parametric axis, z, ePz 

is the Peclet number that quantifies the diffusion or advection dominated flow, along zaxis.  

Similar descriptions hold for h and hh along the h-parametric axis. Figure B. 1 compares the 

profile of chloride based upon different approaches. For a relatively small Peclet number, or in 

diffusion-dominated flow, the analysis could capture the exact solution even without SPUG 
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stabilization technique. On the other hand, the SPUG stabilization is deemed necessary in 

advection-dominated flow, as shown  Figure B. 1(b), where the perturbation induced by the 

fluid velocity vector is well captured by the SPUG stabilization technique.  

  
          (a)  0.5eP =           (b) 1.5eP =  

Figure B. 1. Sensitivity of the analysis to different Peclet number 
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Appendix C.  

Mathematical Proof for  Diameter Loss by 

Corrosion Rate 

This section aims to provide mathematical proof for equation (5.32). To facilitate our 

analysis, we will assume that each wire in a strand has a cylindrical shape, as illustrated in 

Figure C. 1.  

 

Figure C. 1. Parameters specifying the geometry of a wire 

The rate of the mass loss can be defined by the following equation:  

 
1 cor mm l ˊ d r dt=- Ö Ö Ö Ö    (C. 1) 

where l is the length of the wire, dcor is the diameter of the wire, mr is the mass loss per unit 

surface area per unit time, anddt a small time increment. If we take the cross-sectional geometry 

of the wire into consideration, we can also express the actual mass loss using the following 

equation: 

 
2 ( ) s sm l A dA ɟ l A ɟ= + Ö - Ö Ö    (C. 2) 

where A is the cross-sectional area, and dA denotes the infinitesimal variation in cross-sectional 

area. By combining equations (C. 1) and (C. 2),  we obtain the following expression: 

 m

cor

ˊ d rdA

dt ɟ

Ö Ö
=-     (C. 3) 

ldcor

2

4

p
= corA d
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Using the chain rule of differentiation, we can write the following expression: 

 ( )

( )

cor cor m

cor s

d d ˊ d rdA

d d dt ɟ

Ö Ö
Ö =-     (C. 4) 

the first term on the left-hand side, corresponds to:  

 2( )
( ) 4 ( ) 2

cor cor

cor cor

dA d ˊ dA ˊ
d d

d d dt d d
= Ý =     (C. 5) 

Given equations (C. 4) and (C. 5), the rate of diameter loss can be expressed by the following 

expression: 

 ( ) 2cor m

s

d d r

dt ɟ
=-     (C. 6) 

If we consider a specific time instant, we can omit the dt term on the left-hand side and the time 

rate on the right-hand side, which gives: 

 2 m

cor

s

r
d

r

-
=     (C. 7) 

Writing this equation in the rate form gives the following equation, which is identical 

to equation (5.32): 

 
m

cor

s

r
r

r

-
=     (C. 8) 
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Appendix D.  

Mathematical Proof for Increased Volume of 

Corrosive Material 

This section aims to present a mathematical proof for equation (5.34) in a clear and 

concise manner. To aid in our explanation, we copy Figure 5.4 herein and name it Figure D. 

1. 

 

Figure D. 1. Parameters specifying the volumetric expansion of a wire 

 

In this calculation, we will consider a wire of length 1.0 for simplicity. To begin, we 

need to define the total area (or volume) of the strand after expansion. We can do so by using 

the following definition: 

 2 2 2 2

0( )rus cor cor er r r rp p p a= + -  (D. 1) 

By removing the constant factor on either side of the equation, we can simplify it to the 

following: 

 2 2 2

0 (1 )rus cor er r ra a= + -  (D. 2) 

The rate of mass loss has been previously defined in equation (5.33). Therefore, we shall 

proceed to reshape it in the following form: 

 

rrus

r0

rcor
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 2 2

0 (1- )corr r g=  (D. 3) 

We can derive the following expression by combining equations (D. 2) and (D. 3) 

together: 

 2 2 2

0 0 (1 )(1 )rus e er r ra g a= + - - (D. 4) 

By taking the positive root of rrus, we arrive at the following equation, which is 

equivalent to equation (5.33): 

 
0 1 ( -1)rus er r g a= +  (D. 5) 
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Appendix E.  

Mathematical Solution for a Scalar Field 

Problem: Heat Transfer 
 

The first step in analyzing a scalar field problem is to validate the analysis methodology 

by comparing it with an exact solution. This section provides an overview of the problem, an 

exact solution, and an example to demonstrate the analysis process. While this section focuses 

on a linear time-dependent heat conduction problem, the methodology can be applied to other 

fields as well. 

As discussed earlier, we can obtain the governing differential equation for heat transfer 

by applying the conservation of energy principle. For the purposes of this discussion, we will 

focus on a one-dimensional, time-dependent model: 

 
( ) 0 

T
c k

t x

T

x
r

µ
Ö Ö + - =

µ µ µ

µ µ  (E. 1) 

To increase the simplicity of the notation, let us redefine our symbols as follows: 

 0TT D T¡¡Ö - = (E. 2) 

Here, T is a function of both space and time. To proceed, we will discretize the space-time 

domain as follows: 

 
( , ) ( ) ( )T x t F x G t= Ö  (E. 3) 

Given this definition, it follows that F(x) is a function of space and G(t) is a function of 

time. Based on this, we can proceed as follows: 

 

( , )
( ) ( )

T x t
T F x G t

t

µ
= = Ö

µ
 (E. 4) 
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Given the above, equation (E. 2) can be cast into the following form: 

 

( ) ( )

( ) ( )T

F x G t

F x D G t

¡¡
=

Ö
 (E. 7) 

now, we may posit that equation (E. 7) corresponds to a constant value, which we will denote 

as -c2. With this assumption in place, we can transform the partial differential equation (PDE) 

into two separate ordinary differential equations (ODE): 

 
2( ) ( ) 0F x c F x¡¡+ = (E. 8) 

 
2( ) ( ) 0TG t c D G t+ = (E. 9) 

Let us consider a one-dimensional bar, with a length of 1m, an initial condition of T0=20°C, 

and a zero-boundary conditions, as depicted in Figure E. 1: 

 

Figure E. 1. One dimensional bar set-up 

Considering the boundary conditions, the solution to equation (E. 8), which is a second-

order homogeneous ODE, takes the following form: 

   
( ) sin( )n n

n
F x A x

l

p
=  (E. 10) 

L=1 (m)

Boundary 

Condition

(0, ) 0 CT t = ¯ (1, ) 0 CT t = ¯( ,0) 20 CT x = ¯

Initial 

condition

Boundary 

Condition
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where c= /n lp , and n=1,2,3, é. Along the same lines, the solution to equation (E. 9) is given 

by: 

 

2

( ) Tc D t

n nG t C e
- Ö Ö

= Ö  (E. 11) 

Now we can find the solution to PDE problem: 

 

2

( , ) ( ) ( ) ( , ) sin( ) Tc D t

n

n
T x t F x G t T x t D x e

l

p - Ö Ö
= Ö Ý = Ö Ö (E. 12) 

where Dn=AnCn. Considering Fourier series, we can obtain the coefficient from the following 

equation: 

 0

2
( ) ( )sin( )

L

n

n x
D f x dx

l l

p
= ñ  (E. 13) 

for the case of this study, we can further translate equation (E. 13) in the following form: 

 

40 40
[1 cos( )] [1 ( 1) ]n

nD n
n n

p
p p

= - = - - (E. 14) 

The solution to the problem is given by the following equation: 

 

2

1

( , ) sin( ) Tc D t

n

n

n
T x t D x e

l

p¤
- Ö Ö

=

=ä  (E. 15) 

With the exact solution now established, we can proceed to compare the results of the 

analysis with this solution. Figure E. 2 displays a comparison between the finite element 

analysis, represented by dotted lines, and the exact solution. It can be observed that the finite 

element analysis is capable of precisely capturing the transfer of heat in both space and time, 

with a high degree of accuracy. 
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Figure E. 2. Heat transfer in 1D bar using finite element analysis (dotted lines) and exact 

solution 

This section concludes by presenting a comparison between an analytical model for heat 

conduction and experimental tests conducted on concrete specimens. The experimental data 

reported by Bai et al. (2020) were used to validate the analytical model. The experiment 

involved the use of concrete cylinders, which were isolated on the sides and bottom. Depending 

on the experiment type, the specimens were exposed to different heat sources on the top with 

temperatures 40 C̄ and 60 C̄. Figure E. 3a provides a comparison between the analytical 

model and the experimental data for a 12-day exposure period, while Figure E. 3b displays the 

profile at day 10. The analysis accurately reproduces the experimental data with good precision. 

  
  (a) Temperature evolution of temperature at

63.5mmx=  

        (b) Temperature profile after ten days   

Figure E. 3. Heat transfer in cylindrical specimen using experimental data reported in Bai et 

al. (2020)   
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Appendix F.  

Prediction of Chloride in Concrete Structures 

Using Machine Learning Algorithms 
 

This appendix pursues an alternative approach for predicting the content of chloride in 

concrete bridge structures. Contrary to the main body of this dissertation, which pursued 

mathematically rigorous, high-fidelity finite element models, this appendix pursues machine 

learning (ML) algorithms. Various ML algorithms, including linear regression (LR), least 

absolute shrinkage and selection (Lasso), multilayer perceptron artificial neural network (MLP-

ANN), support vector machine (SVM), Gaussian process regression (GPR), random forest 

(RF), and voting regressor (VR), are employed to quantify the chloride ion content in reinforced 

concrete structures. Multiple concrete mixture properties obtained from experimental tests in 

the literature are considered as input features. The accuracy of each machine learner is evaluated 

using different metrics, namely the coefficient of determination (R2), root mean square error 

(RMSE), mean absolute error (MAE), and mean absolute percentage error (MAPE). The results 

demonstrate that ML techniques can effectively predict chloride content while investigating the 

influence of key parameters such as concrete mixtures on the intrusion of chloride in concrete 

structures. 

Research Design and Method 

This section presents an overview of the mathematical foundations of various machine 

learning algorithms. 

Machine Learning Algorithms 



Appendix F. Prediction of Chloride in Concrete Structures Using Artificial Intelligence                                                              

 

208 

 

Linear Regression (LR) 

Linear Regression (LR) is a straightforward machine learning technique that establishes 

a linear relationship between the response variable and the predictor variables. The LR model 

can be expressed in the following form: 

 

1

N

out i i

i

y w x e
=

= +ä  (F. 1) 

where outy denotes the output, e represents the expected error, iw is the regression coefficient, 

and ix  is the input. In order to optimize the efficiency of equation (F. 1) and minimize the error 

between the predicted output ( outy ) and the actual result (d), Mean Squared Error (MSE) 

measure is deployed. The mathematical expression for MSE is given as: 

 

 
2

1

1
( )

N

out

i

MSE y d
N =

= -ä  (F. 2) 

The above equation involves N number of data points in the dataset. To estimate the parameters 

in the Linear Regression (LR) model, three assumptions are typically made: statistical 

independence and identical distribution, Gaussian distribution of the errors, and stationarity of 

the data (Haykin, 2009). 

Least Absolute Shrinkage and Selection (Lasso) 

Lasso is a regression technique that overcomes some of the limitations associated with 

ordinary least squares (OLS), such as prediction accuracy and interpretability. It achieves this 

by setting some coefficients to zero and shrinking the others, effectively combining the 

strengths of ridge regression and subset selection methods (Tibshirani, 1996). The Lasso model 
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can be represented in an equivalent Lagrangian form, which is developed as follows (Friedman, 

2017): 

 
2

0

1 1 1

1
argmin ( )

2

p pN
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where N and p are the number of samples and features, respectively. Note the last term on the 

right-hand side is the L1 lasso penalty, which enforces a constraint that makes the solution 

nonlinear with respect to the input variable iy  (Friedman, 2017). 

Multilayer Perceptron Artificial Neural Network (MLP-ANN) 

The MLP-ANN is a subclass of feedforward neural networks that is known for its strong 

learning capabilities. The ANN model is designed to resemble the behavior of the human brain 

through a set of organized principles (Jain et al., 1996). The architecture of an MLP includes 

three major components: an input layer containing input variables, one or more hidden layers 

to perform processing, and an output layer that contains the outcome. These layers are 

interconnected by weighted links (Duda and Hart, 1973). In an MLP, each hidden unit computes 

a net activation through the weighted sum of the inputs to the perceptron. The net activation 

can be expressed as follows: 

 

0

k
t

j i ji j

i

net x w w x
=

= =ä  (F. 4) 

where the indices i and j refer to the input and hidden layers, jiw is the synaptic weight 

associated with the input-to-hidden layer, k is the number of hidden nodes, and ix is the input 

signal. Each perceptron in a hidden layer of MLP-ANN uses an activation function to generate 

an output. There are different forms of activation functions such as threshold, piecewise linear, 
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Gaussian, hyperbolic tangent, or sigmoid. The most commonly used activation function is the 

sigmoid function, which has the following form (Duda and Hart, 1973; Jain et al., 1996; Haykin, 

2009): 

 1
( )

1 ji j
j w net

f net
e

=
+

 (F. 5) 

There are various algorithms available for training MLPs, and among them, the back-

propagation (BP) method is the most commonly used. The BP algorithm is a gradient-descent 

technique that involves two fundamental steps: forward pass and backward pass. The forward 

pass computes the output and the error associated with that layer, whereas the backward pass 

updates the synaptic weights based on the output errors (Haykin, 2009). 

 

Support Vector Machine (SVM) 

SVM is a binary learning machine method used in ML for both nonlinear regression and 

pattern-classification problems (Haykin, 2009). The SVM optimizes the regression problem 

through an optimization scheme with robustness as the primary objective. In this approach, a 

loss function, also known as an Ů-intensive function, is minimized (Haykin, 2009). The first 

step in SVM training is to increase the dimensionality of the inputs by mapping from low- to 

high-dimension, which is achieved through the use of a nonlinear kernel function to transition 

between spaces (Clarke et al., 2005). The second step in training is to find an objective function 

[ ( , )SVMf x w ] with a maximum distance e from the measured data. 

 

1

( , ) ( )
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where ( )iK x is the kernel functions which increases the dimension of the input data. 

Gaussian Process Regression (GPR)  

A Gaussian process is a collection of random variables, any finite number of which have 

a joint Gaussian distribution (Rasmussen, 2003). The distribution function of a Gaussian 

process can be expressed as follows: 

 ( ) (( ( ), ( , ))f x m x k x x¡ (F. 7) 

where is the Gaussian Process and the mean function is 

 ( ) [ ( )]m x f x=  (F. 8) 

where  is the expectation function, and the covariance function is given by: 

 ( , ) [( ( ) ( ))( ( ) ( ))]k x x f x m x f x m x¡ ¡ ¡= - -  (F. 9) 

It is important to note that the covariance function used in GPR is also referred to as the 

kernel function, as it heavily impacts the outcome of GPR. Additionally, a mean function is 

often used with a zero value (Rasmussen, 2003; Schulz et al., 2018). Assuming a linear model 

with Gaussian noise, the target value can be obtained in the following form: 

 ( )y f x e= + (F. 10) 

where the independent Gaussian noise is given by: 

 2(0, )ee s  (F. 11) 

As previously mentioned, the kernel function is a crucial component in GPR prediction 

as it determines the similarity between input data points. The choice of kernel function depends 
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on the expected patterns of data and the desired level of smoothness. In the context of this study, 

the radial basis function has been selected as the kernel for GPR (Schulz et al., 2018). The radial 

basis function is expressed as follows: 

 2

2
( , ) exp

2

x x
k x x

l

å õ¡-
¡ æ ö= -

æ ö
ç ÷

 (F. 12) 

where the hyperparameter l is the length scale of the kernel. 

Random Forest (RF) 

Random Forest (RF) is an ensemble learning paradigm used in ML that employs a 

bagging (Bootstrap Aggregating) sampling technique and random feature selection to construct 

a set of decision trees with controlled variation (Breiman, 2001; Fawagreh et al., 2014). The 

decision trees are built using bagging from the training set with replacement. Statistically, there 

is a 64% chance of having a sample appear at least once in this process, which are called in-bag 

instances, while the remaining around 34% are called out-of-bag instances (Fawagreh et al., 

2014). Each tree in the ensemble acts as a model, fitted to the bootstrapped samples, and the 

final prediction is obtained by averaging the results. The mathematical relationship for RF 

regression can be expressed as  (Friedman, 2017): 

 

1

1
( ) ( ; )

B
B

rf b

i

f x T x
B =

= Qä  (F. 13) 

Here, bQ denotes the i-th decision tree in the random forest, and B represents the total number 

of trees grown in the ensemble. 

Voting Regressor (VR) 
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Voting Regressor (VR) is an ensemble ML technique that constructs the final prediction 

by averaging the results of individual models (Pedregosa et al., 2011). The term vote refers to 

the equal contribution of each standalone ML technique. However, in situations where the 

results of some models are more reliable, weighted voting (i.e., weighted average) can be used 

to assign more weight to those models. 

 

Performance Measurement 

This section aims to evaluate and compare the performance of different approaches 

based on various statistical measures. The metrics considered for this analysis are the coefficient 

of determination ( 2R ), root mean square error (RMSE), mean absolute error (MAE) and mean 

absolute percentage error (MAPE). These metrics can be defined as follows: 
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where N is the total number of data, ix and ix are the real and predicted value of 
thi  data, and 

meanx is the mean value of the actual output. By analyzing these measures, we can gain insight 

into the effectiveness of the predictions. 

Dataset and Experiments 

The research dataset comprises experimental data gathered from multiple sources (Sergi 

et al., 1992; Maruya et al., 1998; Luping, 2003; Samson and Marchand, 2007; Maekawa, 2008; 

Baroghel-Bouny et al., 2009; Baroghel-Bouny et al., 2014; Gang et al., 2015; Lu et al., 2015; 

Alfailakawi et al., 2020; Chen and Razaqpur, 2021a). This study considers various input 

parameters, with 14 input variables included, namely depth, ordinary Portland cement (OPC), 

sulfate-resisting Portland cement (SRPC), fly ash (FA), ground granulated blast-furnace slag 

(GGBS), silica fume (SF), superplasticizer, water, fine aggregate, coarse aggregate, water-to-

binder ratio, exposure time, temperature, and surface chloride content.  

To facilitate training and testing of the machine learning model, the dataset will be 

divided into two distinct sets: the training set and the testing set. The ratio of instances in the 

training and testing sets will be 0.75 and 0.25, respectively. The experiment will follow five 

major steps, including: (1) splitting the dataset into training and testing sets, (2) normalizing 

the features by adjusting the mean and standard deviation to 0 and 1, respectively, (3) tuning 

the hyperparameters using 10-fold cross-validation, (4) testing the model on the remaining data, 

and (5) evaluating the performance of various machine learning algorithms using different 

statistical measures. 

Results  
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In this section, the results of 5 standalone machine learning models and 2 ensemble 

methods is presented. 

LR Model 

LR is the most basic machine learning algorithm discussed in this section, requiring 

only a few tuning parameters. Figure F. 1a presents a comparison of the LR model's predictions 

with the training data, while Figure F. 1b shows the model's performance when tested on new 

data. As can be observed, the LR model struggles to accurately predict the chloride content. 

The model performs better on the test data than on the training data, as evidenced by the higher 

coefficient of determination obtained for the former. 

 

 

         (a) Training set (b) Test set 

          Figure F. 1. Prediction of chloride content (in % of cement mass) using Linear Regression 

model 

Lasso Regressor 

The tunning for Lasso was performed via parameter lin equation (F. 3) which accounts 

for the contribution of the 1L  norm. Accordingly, the average score of 10-fold cross-validation 

for different values of lis measured and compared. The best performance was obtained for 

0.01063l= , resulting in a mean cross-validation score of 0.6343. As illustrated in Figure F. 

2, the Lasso regressor achieved low accuracy on the dataset. Overall, the performance of the 

Lasso model was poor, similar to the LR model.  
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         (a) Training set (b) Test set 

          Figure F. 2. Prediction of chloride content (in % of cement mass) using Lasso model 

 

MLP Regressor 

The best performance of the MLP regressor was achieved through tuning multiple 

hyperparameters using a cross-validation scheme. Table F. 1 presents the performance of the 

network based on different activation functions, including identity, logistic, hyperbolic tangent, 

and rectified linear unit. The results show that the hyperbolic tangent function achieved the best 

performance with an average score of 0.813. 

Table F. 1. Score of 10-fold cross-validation for different activation function in MLP 

Method 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th avg. 

Tanh 0.812 0.788 0.827 0.757 0.776 0.871 0.880 0.840 0.723 0.861 0.813 

Relu 0.790 0.763 0.839 0.729 0.770 0.854 0.850 0.817 0.678 0.884 0.798 

Logistic 0.697 0.659 0.684 0.735 0.710 0.781 0.754 0.801 0.692 0.812 0.733 

Identity 0.659 0.543 0.593 0.669 0.574 0.665 0.646 0.709 0.506 0.694 0.626 

 

The second hyperparameter is the solver, which can be one of three popular forms: a 

family of quasi-Newton methods (lbfgs), stochastic gradient descent (sgd), and stochastic 
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gradient-based optimizer (Adam). Table F. 2 summarizes the results of cross-validation for 

different solver schemes, where the Adam solver obtained the best result. 

Table F. 2. Score of 10-fold cross-validation for different solver in MLP 

Method 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th avg. 

Adam 0.795 0.787 0.825 0.738 0.782 0.866 0.868 0.849 0.709 0.865 0.809 

sgd 0.770 0.687 0.792 0.712 0.751 0.791 0.778 0.822 0.694 0.808 0.761 

lbfgs 0.818 0.889 0.128 0.913 0.553 0.900 0.765 0.919 0.764 0.768 0.742 

 

Learning rate which has contributions to the weight updates is the third hyperparameter 

that is tuned in this section. Table F. 3 presents a comprehensive analysis of the performance 

of various learners, and the results indicate that Adaptive rate performs the best, as it achieves 

the highest cross-validation score. 

Table F. 3. Score of 10-fold cross-validation for different learning rate in MLP 

Method 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th avg. 

Adaptive 0.811 0.776 0.826 0.755 0.800 0.886 0.855 0.840 0.726 0.866 0.814 

Invscaling 0.808 0.759 0.821 0.748 0.813 0.875 0.869 0.833 0.719 0.851 0.810 

Constant 0.802 0.765 0.827 0.760 0.772 0.854 0.879 0.839 0.711 0.861 0.807 

 

The number of hidden layers and neurons are critical hyperparameters that significantly 

impact the final prediction of the MLP network. To optimize these hyperparameters, we have 

designed a set of networks with varying numbers of layers and neurons ranging from 1 to 50. 

The performance of these networks is evaluated based on the mean value of 10-fold cross-

validation score, and the results are summarized in Table F. 4. It is noteworthy that the network 

with 30 layers and 36 neurons achieves the highest score, outperforming other networks with a 

different number of layers and neurons. 

Table F. 4. Mean cross-validation score for different number of layers and neurons in MLP 
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No. of layers 30 48 48 45 38 38 36 32 38 31 32 

No. of neurons 36 49 39 38 49 45 28 29 37 34 27 

Mean score 0.854 0.850 0.850 0.849 0.847 0.847 0.846 0.846 0.846 0.846 0.846 

 

The final hyperparameter that is tuned in this section is the number of epochs, and its 

value is determined based on the cross-validation score. To optimize this hyperparameter, a 

range of epochs from 200 to 8000 is considered, and the best performing value is identified. 

Our analysis indicates that the model performs optimally when trained for 4000 epochs. 

Figure F. 3 displays the prediction capability of the MLP model, and it is evident that 

the it can accurately estimate the chloride content. 

  

         (a) Training set (b) Test set 

          Figure F. 3. Prediction of chloride content (in % of cement mass) using MLP model 

 

SVM Regressor 

The kernel function is a crucial hyperparameter that significantly influences the 

performance of the SVM model. To optimize this hyperparameter, we evaluated the 

performance of different kernel functions, including RBF, linear, polynomial, and sigmoid, 

using cross-validation. The results are summarized in Table F. 5, and it is evident that the RBF 

kernel function outperforms the other kernel functions, achieving the best performance. 
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Table F. 5. Mean cross-validation score for different kernel functions in SVM 

Kernel 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th avg. 

RBF 0.760 0.655 0.805 0.703 0.742 0.815 0.863 0.804 0.611 0.851 0.761 

Linear 0.657 0.507 0.538 0.634 0.549 0.631 0.639 0.722 0.528 0.702 0.611 

Polynomial 0.632 0.506 0.405 0.663 0.435 0.685 0.564 0.582 0.550 0.638 0.566 

Sigmoid -35.32 -12.18 -10.23 -20.71 -17.87 -12.09 -17.04 -16.22 -14.81 -15.05 -17.15 

 

Figure F. 4 illustrates the performance of the SVM model in predicting the content of 

chloride, displaying the results for both the training and testing sets. The figure demonstrates 

that the SVM model can effectively capture the variations in chloride content, indicating the 

model's robustness and accuracy. 

 

  

         (a) Training set (b) Test set 

                    Figure F. 4.Prediction of chloride content (in % of cement mass) using SVM model 

GPR Model 

An important hypermeter in the tuning of the GPR model is the variance of the 

additional Gaussian measurement noise. The 10-fold cross-validation is performed to obtain 

the best performance score which was 0.85411 for a noise variance of 0.0086. Figure F. 5 

depicts the result of the GPR model. As seen, both training and test sets could accurately predict 

the content of chloride. 
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The variance of the additional Gaussian measurement noise is a crucial hyperparameter in the 

tuning of the GPR model. To determine the best performance score, we conducted a 10-fold 

cross-validation and obtained a score of 0.85411 for a noise variance of 0.0086. The results of 

the GPR model are illustrated in Figure F. 5 , indicating accurate predictions for both the 

training and test sets in determining the chloride content. 

 

 

         (a) Training set (b) Test set 

                    Figure F. 5. Prediction of chloride content (in % of cement mass) using GPR model 

RF Model 

The number of trees and the maximum depth of the trees are two critical 

hyperparameters that significantly impact the performance of the RF model. Figure F. 6 

illustrates the effect of these hyperparameters through the mean of 10-fold cross-validation. As 

observed, the accuracy of the model approaches an asymptotic value with increasing values of 

the maximum depth and the number of trees. Therefore, to balance accuracy and computational 

cost, we selected the number of trees and maximum depth as 150 and 14, respectively. 
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 (a) Mean cross validation score for the number of 

trees in the forest 

(b) Mean cross validation score for the maximum 

depth of the tree in the forest 

                    Figure F. 6. Tuning of the hyperparameters in RF model 

 

The number of features is another parameter that significantly affects the accuracy of 

the model. To find the most efficient and accurate approach, we performed cross-validation 

scores, as summarized in Table F. 6. The results show that the best performance is achieved 

with a condition where 12 features were selected. 

Table F. 6. Mean cross-validation score for different number of selected features in RF model 

No. of 

features 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Mean 

score 
0.423 0.684 0.818 0.839 0.856 0.860 0.863 0.863 0.882 0.884 0.880 0.884 0.880 0.878 

 

Figure F. 6 presents the precision of the RF model, which indicates the accuracy of the 

model. Both the training and testing sets have achieved a noteworthy level of accuracy in 

forecasting the content of chloride ions. 
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         (a) Training set (b) Test set 

                    Figure F. 7. Prediction of chloride content (in % of cement mass) using RF model 

VR model 

The voting method has been formulated by evaluating various combinations of 

standalone machine learning models. Based on the performance score of different ML 

techniques in the preceding sections, a weighted average of MLP, SVM, RF, and GPR was 

considered. The accuracy of the VR model is demonstrated in Figure F. 8. As depicted, both 

the training and testing sets have exhibited a good degree of accuracy. 

  

         (a) Training set (b) Test set 

                    Figure F. 8. Prediction of chloride content (in % of cement mass) using Voting model 

Performance measurement 














