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Abstract 
Modelling of deterioration processes in concrete structures plays an increasing role in 
the design of reinforced concrete structures. Large sums are spent every year to ensure 
the durability of concrete structures, especially towards reinforcement corrosion. Im-
proved durability provides increased structural reliability, economical improvements 
in form of less need for maintenance and repair as well as increased sustainability due 
to an increased energy and resource efficiency. Several service life prediction models 
dealing with reinforcement corrosion in concrete structures can be found in the litera-
ture. However, the applicability of these models to determine the service life of con-
crete structures in aggressive environments needs to be investigated as the majority of 
the models a) assume an initial pristine state of the reinforced concrete structure ne-
glecting the presence of cracks and other defects and b) define the end of service life 
once reinforcement corrosion is initiated neglecting corrosion processes during the 
propagation stage. 

The goal of this work was to develop a framework for the service life prediction of 
reinforced concrete covering initiation and propagation of chloride-induced rein-
forcement corrosion. The framework includes coupled models describing transport of 
various substances and corrosion of reinforcement in cracked and uncracked concrete. 
The framework further allows for subsequent prediction of corrosion-induced me-
chanical damages. 

To describe the transport of various substances in concrete, a heat and mass transport 
model was applied, which is based on thermodynamic principles. To incorporate the 
influence of temperature and chloride on the moisture sorption, extensions were made 
using experimental results. The impact of chlorides on the moisture sorption was ac-
counted for using experimental data available in the literature. To quantify the impact 
of temperature on the moisture sorption, experimental investigations were undertaken 
by means of time domain reflectometry (TDR), in which concrete specimens were 
subjected to varying temperatures. Using TDR measurements in combination with 
multi layer adsorption theory, it was shown that it is possible to quantify the impact of 
temperature on the moisture sorption of cementitious materials to a large extent. To 
incorporate the impact load-induced cracks have on the ingress, a simplified crack ge-
ometry was used, which may be divided into two parts; 1) a coalesced crack length 
that behaves as a free surface for moisture ingress, and 2) an isolated micro-cracking 
length that resists ingress similarly to the bulk material. The ability of the applied 
transport model to simulate the moisture ingress in cracked and uncracked concrete 
specimens was demonstrated comparing experimental ingress results and numerical 
simulations. 

The corrosion model, which is coupled to the transport model, was used to describe 
electrochemical processes at the reinforcement surface. The corrosion model was 
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based on generally accepted physical laws describing thermodynamics and kinetics of 
electrochemical processes. The applicability of the model to capture various rein-
forcement corrosion phenomena, such as activation, resistance, and concentration po-
larisation as well as the impact of temperature and relative humidity was demonstrat-
ed comparing experimental data and numerical simulations. In addition, experimental 
investigations were carried out to study the impact of load-induced cracks on the risk 
of reinforcement corrosion. Instrumented rebars, developed in a previous study, were 
used to assess the potential for initiation of corrosion along the reinforcement surface. 
Good correlations were found between the extent of separation between concrete and 
reinforcement and the risk of corrosion along the reinforcement surface, which sup-
ports earlier observations on the detrimental impact of the concrete-reinforcement in-
terfacial condition. 

To describe corrosion-induced mechanical damages, a thermal analogy was used 
modelling the expansive nature of solid corrosion products. Input for the mechanical 
model was the corrosion rate predicted by the corrosion model. The mechanical model 
further accounted for the penetration of solid corrosion products into the available 
pore space of the surrounding cementitious materials. Based on x-ray attenuation 
measurements, a concept describing the penetration of solid corrosion products was 
developed. The capability of the mechanical model to simulate corrosion-induced 
concrete cracking was shown comparing numerical simulations with experimental da-
ta obtained from accelerated corrosion tests. 

During this Ph.D. study, the framework for the service life prediction of reinforced 
concrete was established and the individual models tested comparing laboratory data 
and numerical simulations. However, for a validation of the framework combining all 
models additional (in-situ) investigations are required. 
 

 



 

Resumé (in Danish) 
Store summer bruges hvert år for at sikre holdbarheden af betonkonstruktioner, især 
mod armeringskorrosion. Forbedret holdbarhed giver øget konstruktiv pålidelighed, 
økonomiske forbedringer i form af mindre behov for vedligeholdelse og reparation 
samt øget bæredygtighed på grund af en øget energi-og ressourceeffektivitet. Model-
lering af nedbrydningsprocesser spiller en stadig større rolle ved projektering af arme-
rede betonkonstruktioner, og der findes i litteraturen flere modeller til forudsigelse af 
udviklingen af armeringskorrosion i betonkonstruktioner. Anvendeligheden af flere af 
disse såkaldte levetidsmodeller er dog begrænset af, at de dels er basert på antagelsen 
af, at betonen er fri fra revner og andre defekter, dels definerer begyndende korrosion 
som slutningen af levetiden og derved ikke tager højde for, at et vist korrosionomfang 
ikke nødvendigvis har indflydelse på den konstruktive opførsel. 

Formålet med det her rapporterede arbejde var at udvikle en skabelon for levetidmo-
dellering af armeret beton udsat for chlorid-initieret armeringskorrosion og omfatten-
de både initierings og propagerings fasen. Skabelonen omfatter koblede modeller, der 
beskriver transport af stoffer og korrosion af armering i revnet og urevnet beton. Ska-
belonen giver desuden mulighed for efterfølgende beregning af udviklingen af korro-
sion-inducerede mekaniske skader. 

Transport af stoffer i beton beregnes vha. en varme- og massetransport model, som er 
baseret på termodynamiske principper. Indflydelsen af temperaturen og chlorid på 
fugtsorption modelleres på basis af eksperimentelle resultater. Indflydelsen af chlorid 
er beskrevet vha. Litteratdata, mens effekten af temperaturen på fugtsorption blev be-
stemt vha. ”Time Domain Reflectometry” (TDR). TDR-målinger i kombination med 
fler-lag-adsorptionsteori gav således i vid udstrækning mulighed for at kvantificere 
virkningen af temperaturen på fugtsorption af cementbaserede materialer. Indflydel-
sen af bøjningsrevner på indtrængning af stoffer er beskrevet vha. en forenklet revne-
geometri, som kan opdeles i to dele: 1) en revnedel, der fremtræder som en fri over-
flade, og 2) en isoleret del, der modstår indtrængen i lighed med bulkmaterialet. Ev-
nen af transportmodellen til at simulere fugtindtrængning i revnet og urevnet beton er 
eftervist ved sammenligning af eksperimentelle data og numeriske simulationer. 

Korrosionensmodellen, som er koblet til transportmodellen, anvendes til at beskrive 
de elektrokemiske processer på armeringens overflade. Modellen er baseret på almin-
deligt anerkendte fysiske love, der beskriver termodynamikken og kinetikken af de 
elektrokemiske processer. Anvendeligheden af korrosionmodellen til at beskrive for-
skellige korrosionsfænomener som aktiverings-, modstands- og koncentrationspolari-
sering samt indflydelsen af temperatur og relativ fugtighed er vist sammenligning af  
eksperimentelle data og numeriske simulationer. Eksperimentelle undersøgelser blev 
udført for at undersøge virkningen af bøjningsrevner på risikoen for armeringskorro-
sion. Armeringsstænger instrumenterede med isolerede korrosionssensorer (udviklet i 
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et tidligere ph.d. projekt) blev anvendt til at måle det elektrokemiske potentiale langs 
armeringens overfladen. Der blev fundet god sammenhæng mellem graden af adskil-
lelse mellem beton og armering og risikoen for korrosion langs armeringens overfla-
de. Dette understøtter tidligere observationer af den skadelige virkning af defekter ved 
armerings overflade. 

Korrosioninducerede mekaniske skader modelleres vha. en termisk analogi, som be-
skriver den ekspansive karakter af faste korrosionsprodukter. Den mekaniske model 
tager hensyn til, at ikke al korrosion medfører ekspansion, idet en del af de faste kor-
rosionsprodukter trænger ind i det tilgængelige porerum i den omkringliggende beton. 
Indtrængning af faste korrosionsprodukter i betonen er modelleret på basis af rønt-
genmålinger. Den mekaniske models evne til at simulere korrosion-induceret revne-
dannelse i beton er eftervist ved sammenligning af numeriske simuleringer og ekspe-
rimentelle data fra accelererede korrosionstest. 

Under ph.d. studiet er der udviklet en skabelon med tilhørende transport, korrosions- 
og mekaniske modeller til levetidsforudsigelse af armeret beton i chloridholdigt miljø. 
De enkelte modeller er eftervist ved sammenligning af laboratoriedata og numeriske 
simuleringer, mens en samlet eftervisning af alle modeller forudsætter indsamling af 
yderligere (in-situ) data. 
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Chapter 1 

1Introduction 

1.1 Background 
Concrete is nowadays the most used manmade building material in the world with an 
annual production of approximately 10 billion tons. Low price, excellent material 
properties, and reasonable energy consumption for production are main reasons for 
the success of concrete compared to other building materials, such as steel or wood. 
Moreover, the raw materials required for concrete production can be found in almost 
any place of the world. Easy transport of the compounds by means of common infra-
structure allows for mixing and casting of the final material on-site as well as in pre-
fabrication sites. Further advantage of concrete is given by its initial state, i.e. before 
setting and hardening. Initially, concrete is quasi-liquid allowing moulding it in al-
most any shape to fulfil architectural and aesthetic requirements. 

For structural purposes, concrete is often reinforced with steel, which helps to over-
come shortcomings of both materials. Concrete has a high compressive strength, but a 
low tensile strength and is therefore reinforced for structural purposes, while the steel 
is protected by the concrete from potentially harming environmental exposure. Some 
examples of structural applications of reinforced concrete are illustrated in Figure 1.1. 
Under certain circumstances, however this “symbiosis” can be destroyed resulting in a 
deterioration of the structure. Corrosion of steel embedded in concrete is one of the 
major deterioration mechanisms causing considerable losses to society due to mainte-
nance and repair needs. In the European Union more than € 250 billion are spent an-
nually for maintenance and repair of concrete structures due to deterioration [Li 
2004], in which corrosion of reinforcing steel is estimated to be related to the major 
part of the degradation problems [Rendell et al. 2002]. Corrosion-induced damages, 
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Introduction 1.1 Background 

such as concrete cracking, spalling, delamination, and cross sectional reduction of the 
reinforcement, may cause aesthetic damages, decrease the load bearing capacity of a 
structure, and in the worst-case lead to fatal structural consequences, such as failure. 

Typically, the high alkalinity (pH ≈13), as a result of the cement hydration, and oxy-
gen availability lead to the formation of a thin iron oxide layer (passive film) at the 
steel surface [Arup 1983, Küter 2009] protecting the reinforcement. Under these con-
ditions, the resulting corrosion rates (~0.1 μm/year) are negligible from an engineer-
ing point of view. In addition, the concrete cover itself hinders the ingress of aggres-
sive substances, such as carbon dioxide, chloride ions, moisture, and oxygen, provid-
ing additional protection for the reinforcement. Well designed and executed rein-
forced concrete structures (especially concretes with low water-to-cement ratios (w/c) 
or supplementary cementitious materials (SCMs)), i.e. with a dense, sufficient, and 
pristine concrete cover, are able to withstand corrosion for several decades as the 
transport kinetics through an intact and dense concrete cover are considerably limited. 

  

  
Figure 1.1  Different structural and architectural applications of reinforced concrete 

structures. Top left and top right: Sydney Opera House, Sydney; bottom 
left: Rolex Learning Centre at École Polytechnique Fédérale de Lausanne 
(EPFL), Lausanne; bottom right: City Centre San Francisco, San Fran-
cisco (Author’s photos). 
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1.2 Service life Introduction 

In practice however, cracks can be found in nearly all reinforced concrete structures 
originating e.g. from poor execution, wrong mix designs, hygral or thermal shrinkage 
and/or mechanical loading. While some of these cracks can be avoided by a careful 
mix design and execution of the reinforced concrete structure, load-induced cracking 
is inevitable. 

1.2 Service life 
For centuries, the design of concrete structures was governed by the capability to 
withstand static and dynamic loads. Within the past century, the development of ex-
periments and stringent theories led to an increased understanding of the stress and 
strain state in materials when subjected to loads and forces. Today, increasing compu-
tational power and modern design tools indeed enable civil engineers to design com-
plex concrete structures and determine deformations and stresses within acceptable 
limits. This increased understanding of the mechanical response of concrete structures 
along with the development of new high performance materials allows for a reduced 
consumption of materials when designing and building modern concrete structures. 

However, due to rising awareness of the need for sustainable design and ever increas-
ing service life requirements for modern concrete structures (up to 100 or even 200 
years of expected service life), the design and dimensions (e.g. water-to-cement ratio 
or concrete cover thickness) of reinforced concrete structures in aggressive environ-
ments is at present mainly governed by durability issues. As a result, the development 
of models to design and determine the (residual) service life of reinforced concrete 
structures has gained momentum within the past decades in the civil engineering 
community, in particular with respect to reinforcement corrosion.  

The service life of a reinforced concrete structure may be defined as the length of time 
during which a desired level of functionality is maintained. Typically, the end of ser-
vice life is defined by a limit state, which is given by the owner of the structure. Fre-
quently used limit states are for instance the initiation of reinforcement corrosion, ap-
pearance of rust stains, corrosion-induced damages or failure of the structure. Once 
the defined limit state is reached, repair strategies or deconstruction may be initiated 
by the owner. Detailed information on repair strategies for concrete structures suffer-
ing from reinforcement corrosion can be found in e.g. [DS/EN 1504]. 

Durable design of reinforced concrete structures is most often realised using standards 
and codes (e.g. [Eurocode2 2004]) or simply experience, which are often based on 
simplified assumptions and do not account for important phenomena affecting the 
service life. Less frequently, service life models and recommendations, such as Dura-
Crete [DuraCrete 2000], fib [fib Bulletin 34 2006], Life-365 [Ehlen et al. 2009, Life-
365 Consortium II 2010], 4sight [Synder 2001], Hetek [Nilsson et al. 1996, Freder-
iksen & Poulsen 1997], DuCOM [Maekawa et al. 1999], and Stadium® [Samson et al. 
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2007], are used by civil engineers to estimate the service life and design durable struc-
tures. 

1.3 Service life prediction 
In general, the basic concept developed by [Tuutti 1982], which is illustrated in Figure 
1.2 (‘typical service life model’), is employed in all of the previously mentioned ser-
vice life models and recommendations to determine the (residual) service life of rein-
forced concrete structures exposed to aggressive environments. According to [Tuutti 
1982] the service life of a structure is comprised of two distinct phases; 1) the initia-
tion phase during which aggressive substances penetrate the concrete cover, eventual-
ly causing initiation of reinforcement corrosion and 2) the propagation phase, when 
reinforcement corrosion-induced damages cause an increased rate of deterioration. 

Reinforcement corrosion (depassivation) is typically initiated as a result of either con-
crete carbonation or chloride ingress. Carbonation due to the penetration of carbon 
dioxide through the protecting concrete cover leads to a neutralisation of the cement 
paste with a corresponding reduction of the pH (to approximately 9) initiating rein-
forcement corrosion. Also, penetration of chloride ions through the concrete cover and 
the accumulation beyond a certain critical concentration near the reinforcement sur-
face can lead to the destruction of the passive film. Reinforcement corrosion may sub-
sequently be initiated provided that enough moisture and oxygen is present in the vi-
cinity of the reinforcement. In contrast to carbonation-induced corrosion, chloride-
induced corrosion results typically in the formation of macro-cells (localised corro-
sion). These macro-cells are usually characterised forming distinct anodic and cathod-
ic regions along the reinforcement, with considerably higher corrosion rates compared 
to carbonation-induced corrosion. 

 
Figure 1.2  Service life model proposed by [Tuutti 1982] and modified service life 

model taking initial structural defects into account, from [Pease et al. 
2012]. 
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Once corrosion is initiated, the rate of structural deterioration is often considerably 
increased compared to the initiation phase. The expansive nature of most of the solid 
corrosion products may result in the formation of cracks in the concrete cover, con-
crete spalling or delamination. Strength and serviceability of reinforced concrete 
structures may be further affected by the cross sectional reduction of the reinforce-
ment leading in the worst case to failure. Therefore, extensive research has been car-
ried out within the past decades studying and developing models and tools to describe 
mechanical degradation mechanisms of corroding reinforced concrete structures, see 
e.g. [Bazant 1979, Andrade et al. 1993, Alonso et al. 1998, Liu et al. 1998, Noghabai 
1999, Ouglova et al. 2006, Caré et al. 2008, Chernin et al. 2009, Val et al. 2009]. 
More recently, the research community also placed focus on studying the corrosion 
processes in reinforced concrete structures once corrosion is initiated and developed 
models to describe the propagation phase, see e.g. [Jäggi 2001, Kranc et al. 2001, 
Maruya et al. 2003, Ouglova et al. 2005, Isgor et al. 2006, Osterminski et al. 2006, 
Warkus et al. 2006, Warkus et al. 2008].  

Although the aforementioned service life models and recommendations are generally 
accepted and used in civil engineering for the design of durable reinforced concrete 
structures, several key issues remain that must be included in service life modelling 
for a more accurate qualification and quantification of the service life of concrete 
structures. 

As mentioned earlier, the end of service life is defined by a limit state at which either 
repair/maintenance or deconstruction of the structure is required. Current service life 
models (see e.g. DuraCrete, fib, Life-365, 4sight, and Hetek) describe the (residual) 
service life of reinforced concrete structures analysing the ingress of aggressive sub-
stances into the concrete. Once a defined limit state is reached, e.g. a critical chloride 
threshold in case of chloride-induced corrosion, the initiation phase of reinforcement 
corrosion and often the service life of a reinforced concrete structure is ended. In 
some cases, non-commercial service life models consider the propagation phase (e.g. 
Life-365, fib), although only as a fixed length of time [Life-365 Consortium II 2010] 
or based on expert opinions [fib Bulletin 34 2006]. In the Life-365 service life model, 
the propagation period is fixed to 6 years for regular reinforcement, 20 years if epoxy-
coated steel is used or can be changed according to local expertise. To determine the 
propagation period in the fib model code, expert opinions were used to estimate the 
time to concrete cracking or spalling (defined as ultimate limit states) for carbonation-
induced reinforcement corrosion. Although mentioned in the fib model code, various 
phenomena and processes affecting the corrosion rate and consequently the formation 
of solid expansive corrosion products (e.g. activation and concentration polarisation, 
moisture content, and arrangement of reinforcement) are not taken into account. 

Furthermore, the impacts of cracks on the ingress of aggressive substances as well as 
the corrosion process itself need to be considered, especially load-induced and shrink-
age cracks, which are inevitable in reinforced concrete structures (apart from pre- and 
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post-tensioned concrete structures) and already included in the design of reinforced 
concrete structures, see e.g. [Eurocode2 2004]. Current assumptions made in most 
service life models (see e.g. DuraCrete, fib, Life-365, 4sight, and Hetek) of initial 
pristine state of the reinforced concrete structure, may lead to a considerable overes-
timation of the time-to corrosion initiation.  

Hence, for a more accurate qualification and quantification of the service life of con-
crete structures, the impact of cracks on the ingress behaviour of aggressive substanc-
es and corrosion processes as well as the propagation phase of reinforcement corro-
sion must be considered in such models to represent realistic scenarios for reinforced 
concrete structures. 

The concept of a modified service life model is also illustrated in Figure 1.2 (as indi-
cated by the broken red line), along with the typical service life approach suggested 
by Tuutti [Tuutti 1982]. The modified service life model takes into account more real-
istic initial conditions of concrete structures, as indicated by the imperfect structural 
condition at the beginning of the structure’s lifetime. This means that the end of ser-
vice life can no longer be defined as the time of corrosion initiation; in fact, the prop-
agation of reinforcement corrosion must be included to obtain a reasonable service 
life. Consequently, limit states may be defined, which correspond to different damage 
levels that are acceptable for different types of structures. Such limit states may be for 
example a) unacceptable aesthetics due to rust staining, b) formation of cracks or con-
crete spalling, and c) the structural safety of the structure is comprised. 

1.4 Objectives 
Considering the aforementioned considerations, the objectives of this Ph.D. project 
were: 

• Development of a theoretical framework that combines reinforcement corro-
sion processes, transport processes, and mechanical performance, including: 

o Quantification and modelling of parameters influencing the initiation 
and propagation of the reinforcement corrosion process, taking into ac-
count material properties and boundary conditions. 

o Quantification and modelling the impact cracks have on the ingress of 
various substances and the reinforcement corrosion process. 

o Quantification and modelling of corrosion-induced damages during the 
propagation phase of reinforcement corrosion. 

• Establish, test and demonstrate the applicability of the theoretical framework 
for the modelling of reinforcement corrosion in concrete. 
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1.5 Scope Introduction 

1.5 Scope 

1.5.1 Research approach 

Taking into account the modified service life model presented in Figure 1.2 and bear-
ing in mind the aforementioned considerations, models necessary for a service life 
prediction of reinforced concrete structures subjected to aggressive environments may 
be identified. The fundamental concept of the proposed framework is given in Figure 
1.3 illustrating models to assess the reinforcement corrosion state and rate and subse-
quently determine the service life. 

To allow for the service life prediction of reinforced concrete structures, three models 
are included in the framework, i.e. a material and transport model, a corrosion model, 
and a mechanical model. While the corrosion model describes the electrochemical 
processes taking place at the reinforcement surface, the material and transport model 
simulates the ingress of various substances and heat. The corrosion and transport 
model are fully coupled, which allows for the simulation of initiation and propagation 
of reinforcement corrosion. Load-induced as well as corrosion-induced damages are 
described by the mechanical model. Information from the mechanical model maybe 
further coupled to the transport model to account for the impact of concrete damages 
(e.g. cracks, slip and separation between reinforcement and concrete) on the ingress of 
various substances. 

 

 
Figure 1.3  Proposed framework and models to predict the service life of a reinforced 

concrete structure subjected to corrosion, from [Michel et al. 2010]. 
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Introduction 1.5 Scope 

To describe the interaction between the environmental exposure and the ‘inner cli-
mate’ of concrete structures, material and transport models are needed. The descrip-
tion of the transport and state of heat and mass is a key issue for the service life pre-
diction of reinforced concrete structures. The thermodynamics and kinetics of the re-
inforcement corrosion process are highly coupled to the presence of different sub-
stances, such as moisture, oxygen, chloride ions, and carbon dioxide. Models describ-
ing the transport and state of these substances, potentially leading to reinforcement 
corrosion, must take into account the most common transport mechanisms in porous 
media, as for example diffusion, convection or migration. Furthermore, potential in-
teractions between the various substances under consideration must be accounted for 
in such models. 

For an accurate description of the service life, corrosion models are indispensable de-
scribing the electrochemical processes at the steel surface and in the surrounding con-
crete. Both, thermodynamics, i.e. the likelihood of certain electrochemical reactions 
and their tendencies to occur in a certain environment, and kinetics of the corrosion 
process, i.e. information on the corrosion rate, must be treated within such a frame-
work. Thus, the corrosion model must be coupled to the material and transport model, 
as the thermodynamics and kinetics of the corrosion process are highly dependent on 
the presence of certain substances. For example, the tendency of corrosion initiation 
in case of chloride-induced corrosion is attributed to the local breakdown of the pro-
tecting passive layer, which is mostly related to the presence of chloride ions. Con-
cerning corrosion kinetics, it is well known, that moisture, oxygen, and temperature 
have considerable effects on the corrosion rate. The moisture content is one of the 
main parameters controlling for example the concrete resistivity, which is inversely 
proportional to the corrosion rate. 

As mentioned previously, (load-induced) cracks are inevitable in reinforced concrete 
structures (apart from pre- and post-tensioned concrete structures). The formation of 
cracks due to applied loads is accompanied with a debonding and separation between 
the steel and concrete, which has considerable effects on the ingress of aggressive 
substances and subsequent initiation of corrosion [Pease 2010]. Thus, mechanical 
models must be used that are capable of describing structural degradations of the con-
crete and concrete/steel interface due to various damage phenomena associated with 
load-induced cracking. Moreover, additional corrosion-induced damages such as con-
crete cracking, spalling or delamination as well as cross sectional reduction of the re-
inforcement and the corresponding reduction in load bearing capacity must be part of 
the modelling process. 

More detailed state-of-the-art reviews of the various processes and phenomena asso-
ciated with the models presented in Figure 1.3 are given in the corresponding chapters 
of this Ph.D. thesis. 

10 Department of Civil Engineering, Technical University of Denmark 



1.6 Organization of thesis Introduction 

1.5.2 Limitations and assumptions 

To limit the scope of the work the following limitations and assumptions are made: 

Heat and mass transport in porous media 

• The transport of heat and mass in the cementitious material is described by 
macroscopic transport functions. 

• Changes in the microstructure due to the interaction of chloride ions with the 
solid phases of cementitious materials are indirectly accounted for by experi-
mental observations on the moisture sorption behaviour. 

• The impact of sorption hysteresis on the moisture state is not included in the 
present model. 

• Potential self-healing of cementitious materials is not accounted for when 
modelling the impact cracks have on the ingress of aggressive substances.  

Corrosion of steel in concrete 

• Electrochemical half-cell reactions are preselected. 

• Critical chloride thresholds are constant over time. 

• Potential self-healing of cementitious materials, penetration of solid corrosion 
products into cracks, and closure of cracks due to stress relaxation are neglect-
ed. 

Corrosion-induced concrete damage 

• Formation of solid corrosion products is assumed. 

• Solid corrosion products are assumed to form uniformly around and in the vi-
cinity of the reinforcement. 

1.6 Organization of thesis 
This Ph.D. thesis is comprised of two parts: 

• In Part I, the main thesis, previous research, descriptions and results of exper-
imental and modelling work are presented. Finally, Part I of the thesis is con-
cluded with a discussion of the results and findings and conclusions are drawn 
from that. An overview of the work conducted throughout the Ph.D. study in-
cluding related publications is schematically presented in Figure 1.4. Experi-
mental work and techniques conducted in collaboration with others are briefly 
presented in Table 1.1 

• Part II is a collection of papers prepared during the Ph.D. project. 
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Introduction 1.6 Organization of thesis 

Chapter 2 of the thesis provides an overview of the most important transport phenom-
ena in porous media and their coupling. Initially, the fundamentals of coupled heat 
and mass transfer are presented. Subsequently, the influence of temperature and chlo-
ride ions on the moisture sorption in cementitious materials and consequences for the 
transport processes are dealt with. Results of time domain reflectometry (TDR) meas-
urements in combination with multilayer adsorption theory are used to model the im-
pact of temperature on the amount of adsorbed water of different cementitious materi-
als. Further, experimental results of x-ray attenuation measurements are used to model 
and quantify the impact of cracks on the ingress of moisture. Finally, an example of 
the capability of the employed material and transport model is provided. 

Chapter 3 deals with the numerical simulation of corrosion processes in reinforced 
concrete structures. Basic principles of reinforcement corrosion processes in concrete 
are presented initially. Experimental results and data from the literature are used in the 
following to quantify and model the impact of temperature, oxygen, and chloride on 
the initiation and propagation of reinforcement corrosion. Subsequently, experimental 
results on the impact of cracks on the initiation of reinforcement corrosion in plain 
and steel fibre reinforced concrete are presented. Finally, a numerical example to 
demonstrate the use of the proposed model to predict the service life is presented, in 
which a simple beam geometry with and without a crack is studied. 

Chapter 4 addresses the modelling of corrosion-induced concrete damages. The basic 
concept of a finite element based modelling approach for the simulation of corrosion-
induced concrete cracking is presented. Experimental results of x-ray attenuation and 
digital image correlation are presented, which allow for the improvement of the per-
formance of corrosion-induced cracking models. These experimental results are sub-
sequently used to further develop a finite element based cracking model, which in-
cludes the penetration of solid corrosion products into cementitious materials. 

Chapters 5 and 6 summarise and discus selected experimental and modelling work 
presented in the preceding chapters and from the appended papers in Part II. These 
results and findings are put into perspective of service life prediction for reinforced 
concrete structures subjected to chloride-induced corrosion as a conclusion of the the-
sis. Finally, recommendations for future work are given. 
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Table 1.1 Overview of experimental work and techniques conducted in collabora-
tion with others throughout the Ph.D. project. 

Chapter Paper 
Experimental 

technique 
Information on In collaboration with 

II 

I 
Time domain re-
flectometry  

Impact of tempera-
ture on moisture 
sorption  

Henryk Sobczuk: Lublin 
University of Technology, 
Poland 

II X-ray attenuation 
Impact of cracks 
on ingress of mois-
ture 

Brad Pease (Ph.D. project): 
Technical University of 
Denmark (DTU), Denmark 

III 

III 
Potentiodynamic 
linear polarization, 
galvanostatic pulse 

Influence of tem-
perature and mois-
ture on kinetics of 
reinforcement cor-
rosion 

Peter Vagn Nygaard: Swiss 
Federal Laboratories for Ma-
terials Science and Technol-
ogy (EMPA), Switzerland 

VI   
VII 

Photogrammetry, 
digital image cor-
relation 

Description of 
concrete-steel in-
terfacial damage 

Anders Solgaard (Ph.D. pro-
ject) and Brad Pease: Tech-
nical University of Denmark 
(DTU), Denmark 

VIII 
Corrosion poten-
tial measurements 

Relation between 
damage at the con-
crete-steel inter-
face and initiation 
of reinforcement 
corrosion  

Anders Solgaard (Ph.D. pro-
ject) and Brad Pease: Tech-
nical University of Denmark 
(DTU), Denmark 

IV 

X X-ray attenuation 
Penetration of cor-
rosion products 

Brad Pease: Technical Uni-
versity of Denmark (DTU), 
Denmark 

XII 
Photogrammetry, 
digital image cor-
relation 

Elastic modulus of 
reinforcement cor-
rosion products 

Brad Pease and Anna Thybo  
(Ph.D. project): Technical 
University of Denmark 
(DTU), Denmark 
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Chapter 2 Chapter 3 Chapter 4 

Transport of mass and heat 
in porous media 

Corrosion of steel in con-
crete 

Corrosion-induced concrete 
damage 

Paper I - Paper II Paper III - Paper VIII Paper IX - Paper XIII 

 
 

 
 

 
 

 
 

 

Figure 1.4  Main topics of each chapter of the Ph.D. thesis and corresponding publi-
cations. 
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Chapter 2 

2Transport of mass and heat in porous 
media 

2.1 Introduction 
This chapter provides an overview of the most important transport phenomena in po-
rous media and their coupling. The chapter is comprised of several sections. In Sec-
tions 2.2 and 2.3, the fundamentals of coupled heat and mass transfer are presented. 
However, the intention of the sections is not to give a complete review of the various 
transport phenomena and there derivations from thermodynamic principles as this in-
formation can be found elsewhere, see e.g. [Philip et al. 1957, De Vries 1958, Lykow 
1958, Krischer 1978, Dullien 1979, Bear et al. 1991]. The intention is to introduce 
common terms and concepts related to the work carried out during this Ph.D. study.  

The influence of temperature and chloride ions on the moisture sorption of cementi-
tious materials and consequences for the transport processes are illustrated in Section 
2.4. Full details on the potential use of time domain reflectometry (TDR) measure-
ments to quantify and model the impact of temperature on the moisture sorption of 
cementitious materials can be found in Paper I. A comparison of experimental and 
numerical results on the impact cracks have on the ingress of moisture is given in Sec-
tion 2.5. A more thorough description of the experimental data obtained by x-ray at-
tenuation measurements and the employed isothermal moisture transport model are 
provided in Paper II. Section 2.6 illustrates modelling results of the employed material 
and transport model and compares these to experimental data obtained from an in-situ 
exposure site. Finally, the chapter is summarised and conclusions are drawn from the 
findings in Section 2.7. 
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Transport of mass and heat in porous media 2.2 Coupled heat and moisture transport 

2.2 Coupled heat and moisture transport 
Porous media, which include nearly all (non-metallic) building materials, tend to in-
teract with the environment and fixate moisture in liquid and vapour state. If an equi-
librium state is reached, the resulting moisture content is commonly referred to as 
equilibrium moisture content, sorption moisture content or hygroscopic moisture con-
tent. Is the equilibrium disturbed, e.g. due to varying exposure conditions, a mass 
transfer (or energy transfer in case of heat transport) will take place. Thereby, differ-
ent transport mechanisms may contribute to the overall mass transport depending on 
the individual driving potentials. Both processes, i.e. moisture transport and storage, 
take place in the available pore space of the material. Hence, for a complete descrip-
tion of these processes, the pore space must be described in a mathematically exact 
way. However, considering the complexity of the concrete pore structure, it becomes 
clear how difficult it is to find a simple mathematical model to characterise the pore 
space and its influence on moisture transport and storage processes. Because size, 
character, and form of the pore space directly affect the fixation and transport of heat 
and mass in porous media. 

The phenomena typically considered for the heat and mass transfer in porous media 
are transport of moisture, comprised of a liquid and vapour phase, transport of air and 
transport of heat. Other processes may also take place; however, there overall contri-
bution to the heat and mass transport may be neglected [Janssen et al. 2007]. Assum-
ing that contributions due to [Janssen et al. 2007]:  

• air transfer, gravity, radiation, liquid transport due to temperature gradients, 
and effects of the gaseous phase on the moisture and heat storage are negligi-
ble as well as that temperatures remain below the boiling temperature of water  

the transport equations to describe the coupled heat and moisture flow in porous me-
dia may be given as follows, see e.g. [Philip et al. 1957, De Vries 1958, Lykow 1958, 
Dullien 1979, Bear et al. 1991]: 

 
𝜌𝐶

𝜕𝑇
𝜕𝑡

=  𝛻�𝑘𝑇,𝑇𝛻𝑇 + 𝑘𝑇,𝑝𝐶𝛻𝑝𝐶� 

𝜕𝜃𝑙
𝜕𝑝𝑐

𝜕𝑝𝑐
𝜕𝑝𝐶

= 𝐶𝑝𝐶
𝜕𝑝𝐶
𝜕𝑡

=  𝛻�𝑘𝑝𝐶,𝑝𝐶𝛻𝑝𝐶 + 𝑘𝑝𝐶,𝑇𝛻𝑇� 
(2.1) 

where ρ is the mass density of concrete, C the specific heat capacity of concrete, T the 
temperature, t the time, pC the logarithm of the capillary pressure, θl the moisture 
content, pc the capillary pressure, CpC the moisture capacity and k transport coeffi-
cients for the heat, T, and moisture transfer, pC, respectively. 

While the transport equations can be derived from thermodynamic principles and are 
therefore commonly accepted within the research community, different approaches to 
determine and describe the transport coefficients can be found. As mentioned earlier, 
multiple transport processes, e.g. vapour diffusion, diffusion, and capillary suction, 
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may contribute to the overall moisture transport at the same time. Therefore, experi-
mental determination of the individual transport coefficients for the various phenome-
na in porous media, such as concrete, may be very difficult if not impossible. Based 
on the chosen driving potential for the moisture transport, different approaches to de-
scribe the moisture transport were developed within the past decades. A detailed 
overview of the various approaches to describe the transport coefficients can be found 
e.g. in [Scheffler 2009] and the literature cited therein. In general, the different ap-
proaches to describe the mass transport can be divided into diffusivity, see e.g. [Krus 
1995, Pel 1995, Carmeliet et al. 2002, Villmann et al. 2006] and conductivity ap-
proaches, see e.g. [Dullien 1979, Rode 1990, Xu et al. 1997, Scheffler 2009].  

Within the present thesis, the model developed in [Scheffler 2009, Scheffler et al. 
2010] was used to describe the moisture dependent vapour and liquid moisture 
transport in porous media as the model is founded on a physical basis maintaining a 
high flexibility and adjustability. Furthermore, the applicability of the model to accu-
rately model the moisture transport in various types of porous media was presented 
e.g. in [Scheffler et al. 2010].  

The model is based on a conductivity approach to describe the coupled vapour and 
liquid moisture flow in porous media. To take into account the reduced vapour per-
meability in the presence of moisture, a scaling function is applied [Scheffler 2009, 
Scheffler et al. 2010], which is derived from a mechanistic modelling approach con-
sidering the microstructure of the porous media. A similar function is employed in the 
model to describe the moisture dependency of the liquid moisture transport. A more 
thorough description of the transport coefficients taking into account the coupled va-
pour and liquid moisture flow in porous media is given in Paper II and Section 2.6. 
The paper also includes information on the employed moisture storage function. 

2.3 Multi-ion transport and chloride binding 
The transport of ions in porous media is mainly governed by three different transport 
phenomena, i.e. diffusion, migration and convection. Nernst-Planck equation allows 
for the description of multi-ion transport in porous media taking into account these 
transport phenomena and may be given as follows: 

 𝜕𝑐𝑖
𝜕𝑡

= ∇�𝐷𝑖∇𝑐𝑖 + 𝑧𝑖𝑢𝑚,𝑖𝐹𝑐𝑖∇𝑉 − 𝑐𝑖𝑣� (2.2) 

where the left hand term of the equation describes the change of concentration of ions 
considered over time, i.e. the total flux of ions. While the first term on the right hand 
side accounts for the diffusion of the considered ions, the second and third term de-
scribe the movement of ions due to migration, i.e. under the influence of electrostatic 
potentials, and convection, respectively. In the equation, ci is the ionic concentration, 
Di the ionic diffusion coefficient, zi the charge number of the ionic species, um,i the 
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ionic mobility, F Faraday’s constant, V the electrostatic potential and v the velocity of 
the solvent.  

To account for the impact of moisture on the diffusion of ions the relation proposed in 
[Buchwald 2000] may be used: 

 𝐷𝑖(𝑆𝑙) = 𝐷𝑖0𝑆𝑙
𝜉 (2.3) 

where Di
0 is the free diffusion coefficient in bulk water, Sl the degree of saturation and 

ξ a model parameter. 

Ions are known to be physically adsorbed and/or chemically bound in concrete, com-
monly referred to as binding. The bound ions will not participate further in the in-
gress. With respect to reinforcement corrosion, especially the binding processes of 
chloride ions are of interest as only free chloride ions may initiate reinforcement cor-
rosion. While physical adsorption takes place at pore walls [Nilsson et al. 1996, Xi et 
al. 1999], mainly Friedel’s salt is formed with solid cement hydration products during 
chemical binding [Nilsson et al. 1996, Birnin-Yauri et al. 1998, Xi et al. 1999]. 
Among others, the chloride binding may be described by means of binding isotherms 
[Luping et al. 1993, Justnes 1998, Zibaru 2001, Yuan et al. 2009 ] through an appar-
ent diffusion coefficient for chloride ions [Saetta et al. 1993, fib Bulletin 34 2006, Ca-
ré 2008, Bastidas-Arteaga et al. 2011].  

Assuming that the chloride binding can be described by a Langmuir binding isotherm, 
see e.g. [Tang et al. 1993], the apparent chloride diffusion coefficient may be given as 
follows [Glass et al. 2000]: 

 𝐷𝑐𝑙,𝑏𝑖𝑛𝑑(𝑆𝑙) = 𝐷𝑐𝑙0 (𝑆𝑙)
1

1 + 𝛼𝑏𝑖𝑛𝑑 (𝜃𝑙(1 + 𝛽𝑏𝑖𝑛𝑑𝑐𝑐𝑙)2)⁄  (2.4) 

where αbind and βbind are model parameters describing the chloride binding capacity of 
the cementitious material. 

2.4 Influence of temperature and chloride 
Chloride ions and temperature are known to affect the moisture storage and transport 
properties of cementitious materials, see e.g. [Pihlajavaara 1965, Hundt et al. 1978, 
Bonnet 1997, Radjy 2003, Ishida 2007, Koniorczyk et al. 2009]; however, experi-
mental data and models based on stringent theories describing the effects on the mois-
ture storage and transport are scarce in literature. 

2.4.1 Influence of temperature 

As presented in Section 2.2, transport of moisture due to temperature gradients, also 
referred to as thermo diffusion, is commonly neglected, as the contribution to the total 
moisture transport is insignificant [Janssen et al. 2007]. The effect of temperature on 
the moisture state however should not be neglected. 
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In the hygroscopic range, the state of moisture is either adsorbed (bound) or capillary 
condensed (free). Although recognised, the influence of temperature on the moisture 
sorption of cementitious materials is poorly investigated. Gravimetrical sorption 
measurements of cementitious materials are very time consuming and only a limited 
amount of experimental studies can be found in the literature on the impact of temper-
ature, see e.g. [Pihlajavaara 1965, Hundt et al. 1978, Radjy et al. 2003, Ishida et al. 
2007, Poyet 2009].  Hundt et al. [Hundt et al. 1978] investigated the impact of tem-
perature on the moisture sorption for 3.6 year old concrete specimens with a water-to-
cement ratio (w/c) of 0.565 and 0.575 at four different temperatures (20, 45, 57.5 and 
70°C). Furthermore, results were presented in [Hundt et al. 1978] for mortar speci-
mens with a w/c of 0.5 and cement pastes with w/c of 0.4, 0.45, 0.5 and 0.55. Selected 
results from [Hundt et al. 1978] are reproduced and presented in Figure 2.1. 
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(a) 

 
(b) 

 
(c) 

Figure 2.1  Sorption isotherms for concrete (a), mortar (b), and cement paste (c) at 
various temperatures (experimental data reproduced from [Hundt et al. 
1978]). 
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Figure 2.2  Relative change in moisture content for all materials presented in [Hundt 

et al. 1978] with respect to the chosen reference temperature of 20°C 
(note: experimental data is illustrated by markers, solid lines are only for 
visual support). 

For all materials tested in [Pihlajavaara 1965, Hundt et al. 1978, Poyet 2009] the 
same impact of the temperature on the moisture sorption can be seen; as temperature 
is increasing, the moisture content at equilibrium is decreasing. This effect appears to 
be independent for all tested materials. Figure 2.2 illustrates the relative change in 
moisture content (compared to the reference temperature of 20°C) for all investigated 
materials in [Hundt et al. 1978], i.e. concrete, mortar, and cement paste with varying 
w/c. The results show that within the investigated range of temperatures, the relative 
change in moisture content for all materials is very similar, which indicates that a 
common physical phenomenon is related to the process. 

Paper I presents experimental investigations on sealed concrete specimens with de-
fined moisture contents, which were subjected to various temperatures and monitored 
by means of time domain reflectometry (TDR). TDR was originally developed to de-
tect defects in cables and electrical wires [Moffitt 1964]. More recently, the TDR 
technique was applied to other porous media, such as soil or masonry, to determine 
and monitor moisture contents [Topp et al. 1980, Dobsen et al. 1985, Phillipson et al. 
2008]. To determine the impact of temperature on the moisture sorption, results of 
TDR measurements were combined with multi-layer adsorption theory and material 
specific parameters. The required material parameters, i.e. specific surface area and 
number of adsorbed water layers, were obtained from gravimetrical sorption meas-
urements at reference temperature provided in [Hundt et al. 1978]. While the specific 
surface was determined by means of the excess surface work [Adolphs et al. 1996], 
the average number of adsorbed water layers was determined from the so-called “t-
curve” at a reference temperature [Hagymassy et al. 1969]. 

Results of the modelled impact of temperature based on the TDR measurements and 
experimentally obtained water vapour sorption isotherms for different temperatures 
are presented in Figure 2.3 (a), (b), and (c) for concrete, mortar, and cement paste. 
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(a) 

 
(b) 

 
(c) 

Figure 2.3  Comparison between modelled (lines) and experimental (markers) sorp-
tion isotherms at various temperatures for (a) concrete w/c 0.565, (b) 
mortar w/c 0.5, and (c) cement paste w/c 0.4 (experimental data repro-
duced from [Hundt et al. 1978]).    
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Although the experimental data presented in the literature [Hundt et al. 1978] could 
be predicted very well by the analysis of the TDR measurements, no stringent general 
theory could be developed to describe the impact of temperature on moisture sorption 
in Paper I. Therefore, to account for the impact of temperature on the moisture storage 
in the heat and mass transport model, experimental data provided in [Pihlajavaara 
1965, Hundt et al. 1978, Poyet 2009] is employed. As shown earlier (see Figure 2.2), 
the relative change in moisture content appears to be similar for the various cementi-
tious materials and mix designs. This fact is used in the present model to account for 
the impact of temperature on the moisture sorption of cementitious materials extend-
ing the state equation for the moisture transport (moisture storage function). As in the 
present model the moisture transport due to a liquid and vapour phase is assumed, the 
extended state equation including the impact of temperature may be given as follows: 

 𝑝𝐶 = 𝑝𝑣 − 𝑝𝑙 − Δ𝑝𝑇 = 𝑝𝐶(𝜃𝑙,𝑇) (2.5) 

where pv is the pressure of the water vapour phase, pl the pressure of the liquid water 
phase, ΔpT is the change in pressure due to temperature variations (see Figure 2.2) and 
pC(θl,T) is the capillary pressure curve as a function of the moisture content, θl, and 
temperature, T. 

2.4.2 Influence of chloride 

In an ion containing solution the vapour pressure above the solution is lower than in 
the pure solution. In the presence of chloride ions the phenomenon may be described 
by Raoult’s law (neglecting possible changes in the microstructure) as follows: 

 Δ𝑝𝑣,𝑐𝑙 = 𝜒𝑐𝑙𝑝𝑣 (2.6) 

where χcl is the molar fraction of chloride ions in the solution and Δpv,cl is the change 
in vapour pressure due the presence of chloride ions. 

Experimental studies on the impact of ions on the moisture sorption of cementitious 
materials are rare in the literature, see e.g. [Bonnet 1997, Koniorczyk et al. 2009]. 
Bonnet [Bonnet 1997] determined water vapour sorption isotherms for mortar speci-
mens with varying concentrations of sodium chloride. Experimental results of the 
study are given in Figure 2.4. With increasing sodium chloride concentrations, higher 
water contents are observed at lower relative humidities. A comparison between the 
experimental results and Eq. (2.6) is illustrated in Figure 2.4. A good agreement be-
tween the experimental data and Eq. (2.6) can be seen for ion concentrations up to ap-
proximately 4.5 mol/L. For higher ion concentrations a deviation from Eq. (2.6) can 
be observed, which might be attributed to changes in the microstructure, which are not 
taken into account. However, such high concentrations are rather unlikely under natu-
ral conditions.  

Similar to the impact of temperature on the moisture sorption, the influence of chlo-
ride ions is described extending the state equation in the model. Accordingly, to ac-
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count for the impact of chloride ions on the moisture sorption the state equation (see 
Eq. (2.5)) may be written as follows: 

 𝑝𝐶 = �𝑝𝑣 − Δ𝑝𝑣,𝑐𝑙� − 𝑝𝑙 − Δ𝑝𝑇 = 𝑝𝐶(𝜃𝑙 , 𝑐𝑐𝑙,𝑇) (2.7) 

where pC(θl,ccl,T) is the capillary pressure curve as a function of the moisture content, 
θl, temperature, T, and chloride concentration, ccl,. 

 
Figure 2.4  Comparison between experimental and modelled (Eq. 2.6) water vapour 

sorption isotherms of mortar specimens with varying sodium chloride 
concentrations (experimental data reproduced from [Baroghel-Bouny 
2011]). 

2.5 Impact of cracks 
Current service life models determine the (residual) service life of reinforced concrete 
structures modelling the transport mechanisms of potentially aggressive substances 
into concrete. In most cases, these service life models assume that the structure is a 
homogeneous, defect-free, system, see e.g. fib [fib Bulletin 34 2006] or Life-365 [Eh-
len et al. 2009, Life-365 Consortium II 2010]. In real structures, however, cracks are 
inevitable, especially in the concrete cover that is protecting the reinforcement from 
the penetration of aggressive substances. These cracks may have a major impact on 
the durability of reinforced concrete structures, as they may provide easy access to 
aggressive substances, especially moisture and chloride ions [Pease 2010]. 

Within the past decades, several studies have been devoted to investigate the influence 
of cracking on the ingress of corrosion initiating substances. In general, laboratory 
and field experiments concluded that the presence of cracks facilitate rapid ingress 
regardless of the controlling ingress mechanism(s) [Jacobsen et al. 1996, Aldea et al. 
1999, Edvardsen 1999, Rodriguez et al. 2003, Lindquist et al. 2006, Pease et al. 
2009], and cause considerable reductions in the time to corrosion initiation [Schießl 
1976, Schießl et al. 1997, Otieno et al. 2010, Pease et al. 2011]. Active reinforcement 
corrosion was observed after only weeks (in some cases even days) under experi-

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08

0 0.2 0.4 0.6 0.8 1

θ l
[k

g/
kg

]

p/ps[-]

0.56 mol/L
2.26 mol/L
4.51 mol/L
8.86 mol/L

24 Department of Civil Engineering, Technical University of Denmark 



2.5 Impact of cracks Transport of mass and heat in porous media 

mental conditions [Schießl et al. 1997, Otieno et al. 2010, Pease et al. 2011] and 
within one year under field conditions [Schießl 1976]. 

A numerical model for the ingress of moisture in cracked steel fibre reinforced con-
crete is introduced in Paper II. Modelling results were compared to experimental re-
sults from steel fibre reinforced concrete wedge splitting test (WST) specimens condi-
tioned to 50% relative humidity, cracked to varying crack geometries, and exposed to 
liquid water. The experimental data was obtained by [Pease 2010], who investigated 
the influence of concrete cracking on the ingress of moisture by means of x-ray atten-
uation measurements. From his work, Pease [Pease 2010] concluded that the total 
crack length may be divided into two parts; 1) a coalesced crack length that behaves 
as a free surface for moisture ingress, and 2) an isolated micro-cracking length that 
resists ingress similarly to the bulk material. The assumptions for modelling the in-
gress of the moisture in cracked concrete are illustrated in Figure 2.5. Details on spec-
imen geometry, material properties, and measurement and analyses techniques can be 
found in Paper II. 

Experimental and model results on the ingress of moisture are given in Figure 2.6 and 
Figure 2.7 for WST specimens with different extents of damage and at different times 
after exposure to liquid water. More results, i.e. for additional extents of damage, can 
be found in Paper II. The employed transport model and assumptions appear to accu-
rately estimate the impact of cracking on the extent, both vertically and horizontally, 
of moisture ingress using simplified crack geometries. However, local variations in 
the moisture content (characteristic for the experimental data) are not represented by 
the model results. This contradiction is due to the assumption of homogeneous mate-
rial properties in the model, while the cement content (or inversely, aggregate content) 
varies naturally with location in the experimental specimens. 

 
Figure 2.5  WST specimen with assumptions on the crack behaviour for modelling the 

ingress of moisture in cracked concrete. 
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Figure 2.6  Experimental and modelled ingress results for 70% peak load WST spec-

imen after (a) 3, (b) 30 minutes, (c) 1.5, (d) 2, (e) 3, (f) 4, (g) 6, and (h) 7 
hours of exposure to liquid water, from [Pease et al. 2012]. 
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Figure 2.7  Experimental and modelled ingress results for 0.10 mm CMOD WST 

specimen after (a) 3, (b) 30 minutes, (c) 1.5, (d) 2, (e) 3, (f) 4, (g) 6, and 
(h) 7 hours of exposure to liquid water, from [Pease et al. 2012]. 
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2.6 Case study 
To demonstrate the applicability of the heat and mass transport model presented in 
this chapter and Paper II, numerical simulations on the ingress of chloride were com-
pared to experimental data presented in [De Weerdt et al. 2012]. The model also in-
cludes the influence of temperature and chloride on the moisture storage and transport 
as presented in Section 2.4. 

De Weerdt [De Weerdt et al. 2012] investigated the ingress of chloride in a concrete 
wall element (1.35×1.55×0.25m3) placed in the tidal zone of the Trondheim Fjord. 
The wall element was cast in November 2001 and reinforced (Ø12) on both sides with 
a cover depth of 20 and 50mm. The concrete composition of the wall element is given 
in Table 2.1. More detailed information on the cement and concrete composition can 
be found in [Justnes 2002]. 

From three days after casting, the wall element was subjected to alternating wetting 
and drying cycles in the tidal zone. After approximately two and ten years of expo-
sure, cores were drilled and chloride profiles determined. The cores did not contain 
steel reinforcement. After extraction, the cores were profile ground and the resulting 
concrete dust was analyzed for the total chloride content. Additional information on 
the extraction of the cores, drilled after approximately ten years can, be found in [Øst-
nor 2011]. For the chloride analysis, 5g of the concrete powder from each section was 
dissolved in 50ml 80°C (1:10) nitric acid (HNO3), and filtrated after one hour. The 
solution was then analysed using the mercury (II) thiocyanate method [Basett et al 
1978] to determine the chloride content. Finally, the chloride concentration in the so-
lution was normalised to the dry concrete mass (weight after drying at 105°C). Further 
information on the chloride analysis is provided in [De Weerdt et al. 2012]. The ex-
perimentally determined chloride profiles after approximately two and ten years of 
exposure are given in Figure 2.8. 

Table 2.1 Concrete composition of wall element [Justnes 2002]. 

 Value Unit 
CEM I 42.5 R 366 kg/m3 

Limestone filler 44 kg/m3 
0-2 mm Bjørkmyr sand 210 kg/m3 

0-8 mm Årdal sand 843 kg/m3 
8-11 mm Årdal aggregate 344 kg/m3 
11-16 mm Årdal aggregate 344 kg/m3 

Water 171 kg/m3 
Air entrainer 0.17 kg/m3 

Super plasticizer 2.20 kg/m3 
Blain fineness 362 m2/kg 
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Figure 2.8  Chloride profiles after approximately two and ten years of exposure in the 

tidal zone of the Trondheim Fjord. 

To simulate the chloride ingress in the wall element Equations (2.1) - (2.4) were used. 
The coupled heat and moisture transport was described by Equation (2.1) in which the 
transport coefficients are given as follows: 

 𝑘𝑇,𝑇 = 𝜆 

(2.8) 

 𝑘𝑇,𝑝𝐶 = −𝑙𝑙𝑣
𝐷𝑣(𝛩𝑙)
𝑅𝑣𝑇

𝑝𝑣,𝑠𝑎𝑡𝜑
𝜌𝑙𝑅𝑣𝑇

𝜕𝑝𝑐
𝜕𝑝𝐶

 

 𝑘𝑝𝐶,𝑝𝐶 = −𝐾𝑙(𝛩𝑙)
𝜕𝑝𝑐
𝜕𝑝𝐶

−
𝐷𝑣(𝛩𝑙)
𝑅𝑣𝑇

𝑝𝑣,𝑠𝑎𝑡𝜑
𝜌𝑙𝑅𝑣𝑇

𝜕𝑝𝑐
𝜕𝑝𝐶

 

 𝑘𝑝𝐶,𝑇 =
𝐷𝑣(𝛩𝑙)
𝑅𝑣𝑇

𝑝𝑣,𝑠𝑎𝑡𝜑
𝜌𝑙𝑅𝑣𝑇

𝜕𝑝𝑣,𝑠𝑎𝑡

𝜕𝑇
 

where λ is the thermal conductivity, llv the specific latent heat of evaporation, Dv(θl) 
the moisture dependent vapour diffusion coefficient, Rv the gas constant of water va-
pour, pv,sat the saturation vapour pressure, ρl the mass density of water, φ the relative 
humidity and Kl(θl) the liquid conductivity coefficient. Detailed information on the 
determination of the moisture dependent vapour diffusion coefficient, Dv(θl), and the 
liquid conductivity coefficient, Kl(θl), are given in Paper II. 

To incorporate the influence of temperature and chloride on the moisture sorption and 
transport, Equation (2.7) was used in which the logarithm of the capillary pressure, 
pC, is a function of the chloride content and the temperature. Consequently, the mois-
ture content, θl, liquid conductivity coefficient, Kl(θl), and moisture dependent vapour 
diffusion coefficient , Dv(θl), are also dependent on the capillary pressure, pC, chlo-
ride content, cCl, and temperature, T.  

Multi-ion transport was modelled using Equation (2.2), including seven ionic species, 
i.e. chloride, magnesium, hydroxyl, calcium, sodium, potassium, and sulphate ions. 
To account for the moisture dependency of the ionic diffusion coefficients, Equation 
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(2.3) was used and chloride binding was described by Equation (2.4). Potential ionic 
transport due to convection was included determining the velocity of the solvent from 
Equation (2.1). 

Moisture storage and transport properties of the wall element, used in the numerical 
simulation to model the chloride ingress, for selected temperatures and chloride con-
centrations are presented in Figure 2.9. The plots highlight the impact of varying ca-
pillary pressure, chloride content, and temperature on the moisture content, moisture 
capacity and conductivity as described in Sections 2.4.1 and 2.4.2, respectively. With 
increasing temperature, the moisture content at equilibrium is decreasing as shown in 
Figure 2.9 (a) and (b). As the relative conductivity is dependent on the shape of the 
sorption isotherm (see Paper II), the conductivity is also affected by temperature vari-
ations as illustrated in Figure 2.9 (d). Figure 2.9 also indicates the impact of chlorides 
on the moisture storage and transport behaviour. As presented earlier, the vapour 
pressure above an ion containing solution is lower than in a pure solution, which af-
fects the moisture storage behaviour as presented Figure 2.9 (a) and (b) and, similar to 
varying temperatures, alters the moisture transport properties, as illustrated in Figure 
2.9 (d). 

  
(a) (b) 

  
(c) (d) 

Figure 2.9  (a) and (b) moisture storage, (c) moisture capacity, and (d) moisture con-
ductivity of the concrete wall element as a function of capillary pressure 
and for selected temperatures and chloride concentrations in the solution.  
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Experimental and numerical results of the chloride ingress in the concrete wall ele-
ment are compared in Figure 2.10 (a) and the model parameters for the numerical 
simulation are given in Table 2.2. It can be seen from the presented results that the 
heat and mass transport model can simulate the chloride ingress over time, i.e. chlo-
ride content and penetration depth. In addition, the chloride ingress was modelled us-
ing the chloride ingress model given in [fib Bulletin 34 2006] (assuming a w/c of 0.4) 
and compared to the experimental data (see Figure 2.10 (b)). While the chloride con-
tent and penetration depth after approximately two years is captured well with the fib 
model, chloride ingress is considerably underestimated after approximately ten years 
of exposure using an suggested ageing factor of 0.3 [fib Bulletin 34 2006]. A better 
agreement with the experimental data was obtained using an ageing factor of zero; 
however, penetration depth is then considerably overestimated (see Figure 2.10 (b)). 

 
(a) 

 
(b) 

Figure 2.10 (a) experimental and numerical chloride profiles using the employed heat 
and mass transfer model and (b) experimental and numerical chloride 
profiles using the fib chloride ingress model (with and without ageing fac-
tor). 

  

DRCM,0 = 8.9E-12 [m2/s] 
be = 4800 [K] 
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Table 2.2 Model parameters to simulate the chloride ingress in a concrete wall ele-
ment subjected to the tidal zone of the Trondheim Fjord. 

Model Parameter Symbol Value Unit 
Moisture 

transport pa-
rameters 

Saturated conductivity Kl,sat 5E-11 [s] 
Vapour diffusion resistance number μ 50 - 

Non-physical model parameter nsp 3 - 

Moisture 
storage pa-
rameters 

Non-physical model parameter l1 0.6 - 
Non-physical model parameter l2 0.4 - 
Non-physical model parameter n1 3 - 
Non-physical model parameter n2 1.5 - 
Non-physical model parameter a1 7E-09 - 
Non-physical model parameter a2 4E-04 - 

Maximum water content wmax 0.116 [m3/m3] 
Initial condi-

tions 
Initial relative humidity φinit 0.92 - 

Initial absolute temperature Tinit 293.15 [K] 
Chloride 

binding pa-
rameters 

Non-physical model parameter αbind 4 - 
Non-physical model parameter βbind 3.3 - 
Non-physical model parameter ξ 1.7 - 

Heat transport 
parameters 

Specific latent heat of evaporation llv 2257 [J/m3] 
Thermal conductivity concrete λconc 1.4 [W/m K] 

Density concrete ρconc 2400 [kg/m3] 
Specific heat capacity concrete Cconc 880 [J/kg K] 

Multi-ion 
transport pa-

rameters 

Ionic - diffusion coefficient chloride D0
Cl 2.03E-09 [m2/s] 

Ionic - diffusion coefficient sodium D0
Na 1.33E-09 [m2/s] 

Ionic - diffusion coefficient hydroxyl D0
OH 5.33E-09 [m2/s] 

Ionic - diffusion coefficient potassium D0
K 1.96E-09 [m2/s] 

Ionic - diffusion coefficient sulphate D0
SO4 1.04E-09 [m2/s] 

Ionic - diffusion coefficient calcium D0
Ca 0.79E-09 [m2/s] 

Ionic - diffusion coefficient magnesium D0
Mg 0.71E-09 [m2/s] 
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2.7 Summary and conclusions 
Chapter 2 dealt with the heat and mass transport in porous media, which is a key issue 
for the service life prediction of reinforced concrete associated with chloride-induced 
corrosion. A numerical model to describe the state and transport of various substances 
was presented taking into account the impact of cracks on the mass transport. The in-
fluence of temperature and chloride ions on the moisture state and transport was pre-
sented in Section 2.4. Experimental and numerical results dealing with the impact of 
temperature on the moisture state were presented in Section 2.4.1 and Paper I. Fur-
thermore, it was shown that the presented heat and mass transport model can accurate-
ly capture the effect of cracks on the moisture ingress comparing model results to ex-
perimental results presented in Section 2.5 and Paper II. Finally, the applicability of 
the model was shown in Section 2.6 simulating the chloride ingress in a concrete wall 
element subjected to tidal zone of the Trondheim Fjord. 

From the work presented in this chapter the following conclusion can be drawn: 

• The impact of chloride ions on the moisture sorption can be described by Ra-
oult’s law as indicated by a comparison with experimental data found in the 
literature. However, for higher chloride ion concentrations (above approxi-
mately 4.5 mol/L) the experimental data is differing from Raoult’s law. This 
deviation may be explained by changes in the microstructure of the material, 
which is not captured by Raoult’s law. For a more accurate description of the 
impact of chloride ions on the moisture sorption in cementitious materials, ma-
terial models dealing with the chemical interactions between the hydrated ce-
ment phases and chloride ions may be used. Although such models may not be 
feasible for practical engineers, more sophisticated models may contribute to 
an improved understanding of chloride binding processes and subsequent al-
terations of the microstructure of cementitious materials. 

• To determine the impact of temperature on the moisture state, results of time 
domain reflectometry (TDR) measurements in combination with multi-layer 
adsorption theory were used. Comparisons of numerical predictions with ex-
perimental results presented in the literature on the impact of temperature on 
the moisture state revealed very good correlations for a range of cementitious 
materials, i.e. cement paste, mortar, and concrete with varying water-to-
cement ratios. However, further studies are required to reinforce the hypothe-
sis that TDR measurements can be used to describe the impact of temperature 
on the sorption behaviour of cementitious materials. 

• The effect of cracks on the moisture ingress could be modelled with a simpli-
fied crack geometry assuming that the total crack length can be divided into 
two parts: 1) a coalesced crack length, which behaves as a free surface for 
moisture ingress and 2) an isolated micro-cracking portion of constant length, 
which resists ingress similarly to the bulk material.  Although, the assumptions 
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resulted in a very good agreement with the experimental observations, further 
investigations are need. The determined length of the isolated portion of the 
crack obeying “bulk-like” behaviour may be different for other materials or 
mix designs. In particular, strain-hardening materials may exhibit considerable 
different ingress behaviour. However, the length of the coalesced crack may 
be estimated by means of fracture mechanical tools, such as the crack hinge 
model or non-linear finite element analysis. Further, potential self-healing of 
cementitious materials and/or closure of cracks due to stress relaxation is not 
considered in the present model. These effects may hinder the ingress of ag-
gressive substances and subsequently affect the reinforcement corrosion pro-
cess. 

• To demonstrate the applicability of the employed heat and mass transport 
model, including the effects of temperature and chloride on the moisture stor-
age and transport, the chloride ingress in a concrete wall element was mod-
elled. Although, simulations of chloride content and penetration depth after 
approximately two and ten years of exposure are in good agreement with the 
experimental data, further work is needed to improve the presented heat and 
mass transport model. In particular, changes in the hydrated cement phases 
due to chloride binding need to be further investigated to describe potential 
modifications in the microstructure of cementitious materials affecting among 
others moisture storage and transport. 
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Chapter 3 

3Corrosion of steel in concrete 

3.1 Introduction 
This chapter provides a brief overview of the fundamental corrosion processes of steel 
in reinforced concrete and how these can be used to model corrosion of steel in con-
crete. The chapter is comprised of several sections. In Section 3.2, the fundamental 
corrosion processes in reinforced concrete are presented in terms of basic thermody-
namic and kinetic principles. The intention of the section is to give a brief review of 
the thermodynamics and kinetics of the corrosion process and introduce common 
terms and concepts related to the work carried out during this Ph.D. study. For more 
detailed information on the thermodynamics and kinetics of corrosion of steel in con-
crete references are made to e.g. [Schießl 1988, Jäggi 2001, Bardal 2004, Böhni 2005, 
Küter 2009, Nygaard 2009, Pease 2010].  

The numerical model developed to describe the corrosion process of steel in concrete 
is presented in Section 3.3. A more detailed description of the corrosion model and 
the coupling with the heat and mass transfer in cementitious materials is given in Pa-
per III and Paper IV. Section 3.3 also includes a study on the influence of individual 
parameters on the kinetics of the corrosion process. The parametric study covers the 
influence of the anode-to-cathode area ratio, temperature, moisture, and oxygen. Re-
sults of numerical simulations are compared to experimental data either found in liter-
ature or obtained in connection with the Ph.D. studies (Paper V presents results of ex-
perimental investigations on the short-term influence of temperature on reinforcement 
corrosion). The influence of cracks on the risk of corrosion initiation in plain rein-
forced concrete and steel fibre reinforced concrete is dealt with in Section 3.4 and Pa-
per VI, Paper VII, and Paper VIII. Section 3.5 demonstrates the potential use of the 
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developed electrochemical corrosion model for the service life prediction of rein-
forced concrete in corrosive environments by means of a numerical example. The 
electrochemical model is fully coupled to the heat and mass transfer model presented 
in Chapter 2, accounting for the impact of temperature, moisture, oxygen and chloride 
on the initiation and propagation of reinforcement corrosion. The findings of this 
chapter are summarised and conclusions drawn in Section 3.6. 

3.2 Fundamentals of reinforcement corrosion 
Corrosion of steel in concrete can be described by the same electrochemical processes 
as the corrosion of a metal in an electrolyte [Schießl 1988]. Figure 3.1 gives an over-
view of the electrochemical and physical processes describing the corrosion of steel in 
concrete, which was proposed by [Küter 2009]. Two electrochemical half-cell reac-
tions must take place at the metal surface, the anodic (oxidation) and the cathodic (re-
duction) half-cell reaction, for corrosion to occur. The anodic half-cell reaction is 
thereby always characterised by liberating electrons, which are consumed in the ca-
thodic half-cell reaction. To avoid local accumulation of electrical charges, the liber-
ated electrons are conducted through the metal to the cathode establishing an electron-
ic connection between the anode and cathode. The electrical circuit is then closed by 
an ionic exchange current through the electrolyte. Typically, the oxidation of iron is 
assumed as anodic half-cell reaction, which can be given as follows: 

 𝐹𝑒 → 𝐹𝑒2+ + 2𝑒− (3.1) 

At the cathode the reduction of oxygen is commonly assumed, which can be given as 
follows: 

 1
2
𝑂2 + 𝐻2𝑂 + 2𝑒− → 2𝑂𝐻− (3.2) 

 
Figure 3.1  Overview of electrochemical and physical processes describing corrosion 

of steel in concrete, from [Küter 2009]. 
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However, depending on the potential and pH at the steel surface, other cathodic reac-
tions, such as the reduction of hydrogen or water, may take place. A detailed overview 
of thermodynamically feasible anodic and cathodic reactions associated with rein-
forcement corrosion can be found in e.g. [Küter 2009]. For a thorough description of 
the corrosion process, thermodynamics and kinetics must be considered.  

3.2.1 Thermodynamics of reinforcement corrosion 

Among others, thermodynamics provide the possibility to investigate and assess the 
likelihood of reactions (in the case of corrosion: anodic and cathodic half-cell reac-
tions) to occur under certain conditions. The corrosion process, which can be under-
stood as a transformation of one thermodynamical state to another, can be related to 
the change of free enthalpy (also referred to as Gibbs free energy), which may be 
written as follows: 

 ∆𝐺 = −𝑧𝐹𝐸0 (3.3) 

where ΔG is the free enthalpy (or Gibbs free energy), z the valence, F Faraday’s num-
ber and E0 the equilibrium potential of the reaction.  

In general, three cases may be described by ΔG (assuming constant temperature and 
pressure) [Bardal 2004]: 

• A negative value indicates that the reaction is spontaneous and the system can 
carry out work. 

• A value of zero for the free enthalpy indicates that the system is in equilibrium 
and the reaction is thermodynamically not favoured to take place in either di-
rection. 

• A positive value indicates that energy must be supplied for the reaction to take 
place. 

To describe the equilibrium potentials, E0, of half-cell reactions for the corrosion pro-
cess, Nernst equation can be used, which may be written as follows [Perez 2004]: 

 𝐸0 = 𝐸00 −
𝑅𝑇
𝑧𝐹

𝑙𝑛 �
𝛼𝑅𝑒𝑑/𝑂𝑥

𝛼𝑂𝑥/𝑅𝑒𝑑
� (3.4) 

where, E0
0 is the standard equilibrium potential, R the gas constant, T the absolute 

temperature and αRed/Ox the chemical activity of the reductant and oxidant, respective-
ly.  

Nernst equation may be further used to construct pH - potential diagrams, or more 
frequently called Pourbaix diagrams, providing a graphical overview of thermody-
namically favoured reactions (i.e., reactions with a negative free enthalpy) as a func-
tion of the pH and the half-cell potential. The Pourbaix diagram for iron in water 
(commonly used to investigate corrosion reactions of steel in concrete [Küter 2009]) 
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is illustrated in Figure 3.2. Three distinct regions describing the possible thermody-
namic states of iron (steel) can be indentified from the figure: 

• The immune region, in which iron is stable and corrosion is thermodynamical-
ly not possible [Perez 2004].  

• The passive region, in which the formation of Fe2O3 and Fe3O4 is thermody-
namically favoured. Fe2O3 and Fe3O4, which have the ability to form a passive 
film on the surface, are known to have a low ionic conductivity and low poros-
ity, which greatly limits the corrosion process [Bardal 2004]. 

• The active region, in which soluble corrosion products, e.g. Fe2+ and Fe3+, are 
formed as a result of the anodic half-cell reaction. The soluble reaction prod-
ucts may continue to react with other ions present in the electrolyte forming 
solid corrosion products. More detailed information on the potential formation 
of further corrosion products can be found e.g. [Küter 2009] and the literature 
cited within.  

However, the application of “pure” Pourbaix diagrams may be limited, as only reac-
tions of pure metals with pure water are described and the formation of species from 
these. A typical example for a limited application of “pure” Pourbaix diagrams with 
respect to reinforced concrete is reinforcement corrosion initiation due to chloride 
ions, which is associated with a local breakdown of the passive film, see e.g. [Moreno 
et al. 2004, Vidal et al. 2007]. Further, the pH refers to the conditions in the vicinity 
of the steel surface, which may be greatly altered once corrosion is initiated and the 
cathodic reactions are ongoing. In particular, the reduction of hydrogen or water may 
alter the local pH considerably as a result of the formation of H+ or OH- during these 
reactions [Bardal 2004]. A possibility to overcome the shortcoming of pure systems 
in traditional Pourbaix diagrams was presented in [Küter 2009], who superimposed 
“pure” Pourbaix diagrams for various systems, e.g. iron in water and chloride in water 

 

 

 

 

active 

 

 

passive 

 
 

immune 
Figure 3.2  Pourbaix diagram for Fe-H2O system at 25°C and an Fe ion activity of 

10-6 mol/L, from [Küter 2009]. 
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to describe thermodynamically favoured reaction products due to chloride-induced 
corrosion. A detailed study on the use of (superimposed) Pourbaix diagrams to under-
stand corrosion reactions under various conditions and the potential use to derive cor-
rosion countermeasures from such diagrams can be found in [Küter 2009]. 

Pourbaix diagrams may also be used to relate half-cell potential (frequently referred to 
as free corrosion potential or open circuit corrosion potential) measurements to the 
thermodynamic state of steel in concrete. Half-cell potential measurements are a 
common in-situ measurement technique where the half-cell potential of the steel is 
measured against a reference electrode [RILEM TC 154-EMC 2003]. For example, in 
a carbonated concrete the pH is approximately eight. While a half-cell potential of 
200 mVSHE would indicate a passive state of the steel (see Figure 3.2), a half-cell po-
tential of -400 mVSHE would indicate active reinforcement corrosion (see Figure 3.2). 
Reference electrodes for half-cell potential measurements may be embedded in the 
concrete or placed temporarily at the concrete surface. Frequently used reference elec-
trodes and their potential against the standard potential of hydrogen are given in Table 
3.1. 

Table 3.1 Commonly used reference electrodes for half-cell potential measurements 
and their potential against the standard potential of hydrogen. 

Reference Electrode 
EH 

[mV] 
Standard hydrogen electrode (SHE) 0 

Copper/copper sulphate (CSE) +318 
Standard calomel electrode (SCE) +245 

Silver/silver chloride electrode (0.1M) (SSCE) +288 

3.2.2 Kinetics of reinforcement corrosion 

Although thermodynamics provide means to assess the possibility of corrosion reac-
tions to occur under various conditions, no information on the rate of these reactions 
is obtained. Therefore, the kinetics of the electrochemical reactions must be consid-
ered to fully assess the corrosion mechanism. 

Once corrosion is initiated, the potentials of the half-cell reactions on the steel surface 
are shifted from their equilibrium potentials, E0, and a (corrosion) current will start to 
flow. The shift from the equilibrium potential is known as polarisation and the kinet-
ics of the electrochemical half-cell reactions are governed by the degree of polarisa-
tion. A measure for the polarisation is the overpotential, η, which is the difference be-
tween the half-cell potential, Ec/a, and the equilibrium potential, E0a/0c. Information on 
the polarisation of electrodes (anode and cathode) can be summarised in so-called 
Evan’s diagrams relating the half-cell potential to the corrosion current.  
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Figure 3.3  Evan’s diagram illustrating the anodic and cathodic polarisation on the 

steel surface, after [Martín-Pérez 1999]. 

The Evan’s diagram for the anodic and cathodic half-cell reactions assuming the for-
mation of Fe2+ at the anode and OH- at the cathode is given in Figure 3.3. The corro-
sion potential (also referred to as mixed potential), Ecorr, and the corrosion current 
density, icorr, can be determined from the intersection of the anodic and the cathodic 
polarisation curve.  

Depending on the mechanism, four types of polarisation acting individually or in 
combination may be distinguished; namely, activation, concentration, resistance, and 
crystallisation polarisation [Shreir 1994]. In the present work, crystallisation polarisa-
tion is neglected and only the effects of activation, concentration, and resistance po-
larisation are taken into account, sees e.g. [Koryta et al. 1970, Fontana et al. 1978, 
Bardal 1994]. 

• Activation polarisation arises when the half-cell reaction itself is hindered, i.e. 
the mass or charge transfer through the electrical double layer is hindered. 

• Concentration polarisation, also referred to as diffusion polarisation, arises 
when the transport of reactants or reaction products between the electrode and 
electrolyte is hindered resulting in a depletion or accumulation of these spe-
cies. 

• Resistance polarisation arises when the electrolyte, passive film or other mate-
rials provide a significant ohmic resistance. 

• Crystallisation polarisation arises when the dissolution of metal atoms from 
the crystal structure or vice versa is hindered. 

For activation polarisation, the relation between the corrosion current and the half-cell 
potential may be described by the Butler-Volmer equation as follows (assuming that 

E0,c 

Ecorr 

E0,a 

i0,a i0,c icorr 

ηc=Ec-E0,c 

ηa=Ea-E0,a 

Cathodic polarisation curve 
1/2 O2+H2O+2e-→2OH- 

Anodic polarisation 
curve 
Fe→ Fe2++ 2e- 
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the electrochemical reactions take place at separate electrodes and the polarisation is 
high) [Stern et al. 1957]: 

 𝑖 = 𝑖0𝑒𝑥𝑝(Ψ)  𝑤𝑖𝑡ℎ  Ψ = 𝑙𝑛(10)
𝐸 − 𝐸0
𝑏

 (3.5) 

where i is the corrosion current density, i0, the exchange current density, and b the 
Tafel constant, which is defined as follows: 

 𝑏 = 𝑙𝑛(10)
𝑅𝑇
𝛼𝑧𝐹

 (3.6) 

where α is the symmetry factor. 

To include the effects of concentration polarisation on the relation between the half-
cell potential and the corrosion current density, Equation 3.5 can be extended and 
written as follows [Böhni 2005]: 

 𝑖 = 𝑖0𝑒𝑥𝑝 �
1 −Ψ

1 + i0 ilimΨ⁄ � (3.7) 

where ilim is the limiting corrosion current density, which can be defined as follows 
[Bardal 2004]: 

 𝑖𝑙𝑖𝑚 =
𝑧𝐹𝐷𝑂2
𝛿

𝑐𝑂2 (3.8) 

where DO2 is the oxygen diffusion coefficient, cO2 the oxygen concentration at the 
electrode surface and δ the diffusion layer thickness. 

A number of factors influence the shape of the polarisation curve, which in turn gov-
erns the kinetics of the corrosion process. Among others, the surface state of the elec-
trode, temperature, electrolyte flow rate, moisture content, and geometry are decisive 
for the overpotential at the anode and cathode [Bardal 2004]. For example, the tem-
perature, moisture content, and geometry are important parameters for diffusion-
controlled corrosion. A dense concrete cover and high moisture content considerably 
hinders the oxygen transport from the concrete surface to the electrode. This may lead 
to a depletion of oxygen at the cathode ceasing the cathodic half-cell reaction (assum-
ing reduction of oxygen as governing half-cell reaction) and subsequently the corro-
sion process itself. Furthermore, several electrochemical parameters, such as the ex-
change current density, i0, or the equilibrium potential, E0, are influenced by tempera-
ture (see e.g. Equations (3.4) and (3.6)).  

The influence of various parameters, such as geometrical arrangement of the anode 
and cathode, moisture content, temperature, and oxygen on the kinetics of the corro-
sion process is dealt with in the next section. Results of numerical simulations are 
compared to experimental data, either provided in the literature or carried out in con-
nection with the Ph.D. studies. 
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3.3 Modelling reinforcement corrosion 
Corrosion models are indispensable for the determination of the service life of con-
crete structures describing the electrochemical processes at the steel surface and in the 
surrounding concrete. Both, thermodynamics, i.e. the likelihood of electrochemical 
reactions to occur in a certain environment, and kinetics of the corrosion process, i.e. 
information on the corrosion rate, must be treated within such a framework. Since the 
thermodynamics and kinetics of the corrosion process are highly dependent on the 
presence of certain substances (see previous sections), corrosion models must be cou-
pled to material and transport models. For example, the tendency of corrosion initia-
tion in case of chloride-induced corrosion is attributed to the local breakdown of the 
protecting passive layer, which is related to the presence of chloride ions. Concerning 
corrosion kinetics, it is well known, that moisture, oxygen, and temperature have con-
siderable effects on the corrosion rate. The moisture content is one of the main param-
eters controlling for example the concrete resistivity, which is inversely proportional 
to the corrosion rate. 

Various models have been developed within the past decades, describing the initia-
tion, see e.g. [Hansen et al. 1996, Marsavina et al. 2009, Marques et al. 2010, Bas-
tidas-Arteaga et al. 2011], and propagation, see e.g. [Bazant 1979, Isgor et al. 2006, 
Warkus et al. 2006], of reinforcement corrosion to facilitate the service life prediction 
of reinforced concrete structures. However, most of the available models focus on 
specific aspects affecting reinforcement corrosion, such as the influence of concrete 
resistivity, see e.g. [Osterminski et al. 2006, Huet et al. 2007, Warkus et al. 2008], 
neglect the impact of important structural details, such as cracks and defects, see e.g. 
[Jäggi 2001, Hasegawa et al. 2004, Ghods et al. 2007], and treat either the initiation 
or propagation phase of reinforcement corrosion in concrete structures explicitly, see 
e.g. [Kranc et al. 2001, Maruya et al. 2003, Ouglova et al. 2005].  

The theoretical framework of the proposed corrosion model and coupling with materi-
al and transport models is presented in Paper III and Paper IV. In principle, two phys-
ical laws can be used to describe the electrochemical processes in the concrete pore 
solution acting as electrolyte [Warkus et al. 2006]. The first one is Laplace’s equation, 
which describes the potential distribution in the electrolyte assuming electrical charge 
conservation and isotropic conductivity: 

 ∇2𝐸 = 0 (3.9) 

The second is Ohm´s law, which can be used to determine the rate of dissolution of 
iron at any point on the steel surface in concrete if the potential distribution around 
that point and the resistivity of the electrolyte is known [Isgor et al. 2006]: 

 𝑖𝑐𝑜𝑟𝑟 = −
1

𝜌𝑐𝑜𝑛𝑐
𝜕𝐸
𝜕𝑛

 (3.10) 

where ρconc is the concrete resistivity and n the direction normal to the rebar surface. 
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3.3.1 Modelling initiation and propagation of reinforcement corrosion 

To link corrosion initiation, i.e. the formation of anodic regions at the reinforcement 
surface, and propagation of reinforcement corrosion a conditional statement is defined 
along the reinforcement surface. Since the present work is dealing with chloride-
induced corrosion, the conditional statement comprises the definition of a critical 
chloride threshold for elements along the reinforcement surface, which might be de-
fined as follows: 

 𝐵𝐶𝑆𝑡𝑒𝑒𝑙 = �𝑖𝑎𝑖𝑐
 𝑓𝑜𝑟 𝑐𝑐𝑙 ≥ 𝑐𝑐𝑟𝑖𝑡

𝑐𝑐𝑙 < 𝑐𝑐𝑟𝑖𝑡
 (3.11) 

where BCSteel is the boundary condition along the steel surface, ia the anodic polarisa-
tion curve (see also Eq. 3.5), ic the cathodic polarisation curve (see also Eq. 3.7), ccl 
the chloride concentration along the reinforcement, and ccrit the critical chloride 
threshold defined along the reinforcement elements. A similar conditional statement 
for elements along the steel surface may be derived in case of carbonation-induced 
corrosion. 

Within the literature, varying critical chloride threshold values can be found, ranging 
from 0 to approximately 2% of weight cement [Angst et al. 2009]. Among others, the 
critical chloride threshold is influenced by defects present along the reinforcement 
[Buenfeld et al. 2004, Nygaard et al. 2005], material properties and exposure condi-
tions [fib 1992] as well as the electrochemical potential [Angst et al. 2009]. A qualita-
tive representation of the critical chloride threshold as a function of material proper-
ties and exposure conditions is given in Figure 3.4 as proposed in [fib 1992]. Experi-
mental results of the impact of interfacial voids on the critical chloride threshold were 
investigated in [Buenfeld et al. 2004] and are illustrated in Figure 3.5. From the results 
presented in Figure 3.4 and Figure 3.5, it becomes clear that a single critical chloride 
threshold defining the initiation of corrosion in a concrete structure is very unlikely. 
Therefore, the critical chloride threshold is varied randomly, ranging from 0 to 2% of 
weight cement, along the reinforcement surface in the present model to account for 
the influence of various parameters and represent a realistic structure with defects, 
voids, etc. present at the concrete steel interface.  
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Figure 3.4  Critical chloride threshold as a function of material properties and expo-

sure conditions, after [fib 1992]. 

 

 
Figure 3.5  Critical chloride threshold as a function of interfacial voids, after [Buen-

feld et al. 2004]. 
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3.3.2 Influencing parameters 

Corrosion processes in reinforced concrete structures are highly complex and affected 
by interactions of the steel and concrete with ambient conditions. The electrochemical 
half-cell reactions of the active (anode) and the passive rebar surface (cathode) as well 
as the heat and mass transfer of various species are controlling the corrosion progress 
within the concrete structure. Which of these parameters mainly control the corrosion 
rate is determined by numerous factors such as temperature, moisture content, admix-
ture of concrete, geometric arrangement of reinforcement and many more. 

To investigate the influence of various parameters on the kinetics of the corrosion 
process a parametric study with a simplified model geometry was conducted. Within 
the parametric study, the effects of anode-to-cathode area ratio, oxygen, temperature, 
and moisture content on the corrosion current density were investigated. Wherever 
possible, results of the numerical model were compared to experimental results, either 
provided in the literature or carried out in connection with the Ph.D. studies. A simple 
beam geometry was chosen for the parametric study with predefined anodic and ca-
thodic areas along the reinforcement. As half-cell reactions, the oxidation of iron (an-
ode) and the reduction of oxygen (cathode) were considered, which are most common 
under natural environments. Electrochemical parameters, such as the equilibrium po-
tential, exchange current density or limiting current density, were determined from the 
thermodynamic and kinetic principles presented in Section 3.2. Material properties, 
such as resistivity, were taken from the corresponding literature when compared to 
experimental results. The geometry of the beam and the mesh are shown in Figure 3.6. 

 
 
 

(a) 

 
(b) 

Figure 3.6  Simplified model to study the influence of various parameters on the rein-
forcement corrosion process. (a) geometry with predefined anodic and ca-
thodic areas and (b) mesh (all dimensions in m). 

 

Anode Cathode 
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3.3.2.1 Anode-to-cathode area ratio 

Defects in reinforcement coatings, e.g. paint or epoxy, or in the concrete cover can 
result in the formation of small anodic sites compared to the cathodic area, which may 
considerably increase the corrosion rate at the location of the defect. The impact of the 
anode-to-cathode area ratio on the corrosion current density is illustrated in Figure 3.7 
and the model parameters are presented in Table 3.2. To avoid the influence of re-
sistance and concentration polarisation on the kinetics of the corrosion process, the 
concrete resistivity was defined close to zero and the limiting current density was set 
to “virtual” infinity. 

Results of the numerical simulation are presented for the anodic corrosion current 
density and the (total) corrosion current. The corrosion current is thereby determined 
as the area under the anodic corrosion current density curve. Initially, a steep decrease 
in the corrosion current density can be observed, while the corrosion current is in-
creasing. For an anode-to cathode ratio of approximately 1.75 the maximum corrosion 
current can be found. The location of the maximum corrosion current may be inter-
preted as a thermodynamic state of the system at which an “equilibrium anode-to-
cathode area ratio” is formed along the reinforcement minimising the total energy 
[Stern et al. 1957]. The location of the maximum corrosion current depends thereby 
on the anodic and cathodic Tafel constants. For equal anodic and cathodic Tafel con-
stants, i.e. ba = bc, the maximum corrosion current is located at an anode-to-cathode 
area ratio of one, while the location is shifted towards zero or infinity for any other 
combination of Tafel constants. 

 

 
Figure 3.7  Influence of anode-to-cathode area ratio on the corrosion current density 

(solid line) and corrosion current (broken line) for simplified model ge-
ometry (see Table 3.2 for model parameters and assumptions). 
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Table 3.2 Model parameters for numerical simulations to investigate the impact of 
anode-to-cathode area ratio on the corrosion current density (T 20°C). 

Model Parameter Symbol Value Unit 
Concrete resistivity ρconc 1E-06 Ωm 

Anodic exchange current density i0a 1.88E-04 A/m2 
Anodic equilibrium potential E0a -0.78 VSCE 

Anodic Tafel constant ba 0.06 V/dec 
Cathodic exchange current density i0c 6.25E-06 A/m2 

Cathodic equilibrium potential E0c 0.16 VSCE 
Cathodic Tafel constant bc 0.16 V/dec 
Limiting current density ilim 1E06 A/m2 

3.3.2.2 Temperature 

Concrete structures are constantly subjected to temperature gradients as a result of 
daily or seasonal temperature variations. Experimental investigations on the influence 
of temperature on the kinetics of the corrosion process are presented in Paper V. Con-
crete specimens with partly embedded reinforcement (passively and actively corrod-
ing) were conditioned at different relative humidities and subsequently subjected to 
varying temperatures to investigate the short-term impact of temperature on the corro-
sion process. Potentiodynamic linear polarisation resistance and galvanostatic pulse 
measurements were used to measure and determine the free corrosion potential, polar-
isation and ohmic resistance. From that, the corrosion rate of each reinforcement bar 
in the specimens was calculated. More details on the materials, geometry and condi-
tioning of specimens, and measurement techniques are presented in Paper V. 

Results of the experimental study are compared to numerical results in Figure 3.8 and 
the model parameters for the numerical simulation are given in Table 3.3. The con-
crete resistivity was taken from the experimental data provided in Paper V and the 
impact of temperature on the equilibrium potentials and Tafel constants for the anodic 
and cathodic half-cell reaction was determined from Equation (3.4) and (3.6). Only 
small variations in the Tafel constants and equilibrium potentials were found due to 
the temperature variations, which is in agreement with the experimental observations 
presented in Paper V. However, the effect of temperature on the exchange current 
density is considerable [Hurlen 1960]. To account for the impact of temperature on 
the exchange current density the following equation may be used [Tanaka et al. 
1964]: 

 𝑖0,𝑇 = 𝑖0,𝑅𝑒𝑓𝑒𝑥𝑝 ��
𝛼𝑧𝐹𝐸0
𝑅

� �
1
𝑇
−

1
𝑇𝑅𝑒𝑓

�� (3.12) 

where i0,T is the exchange current density at temperature, T and i0,Ref the exchange cur-
rent density at the reference temperature, TRef. 
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Table 3.3 Model parameters for numerical simulations to investigate the impact of 
temperature on the corrosion current density. 

Model Parameter Symbol Value Unit 
Concrete resistivity ρconc Paper V Ωm 

Anodic exchange current density i0a Equation (3.12) A/m2 
Anodic equilibrium potential E0a Equation (3.4) VSCE 

Anodic Tafel constant ba Equation (3.6) V/dec 
Cathodic exchange current density i0c Equation (3.12) A/m2 

Cathodic equilibrium potential E0c Equation (3.4) VSCE 
Cathodic Tafel constant bc Equation (3.6) V/dec 
Limiting current density ilim Equation (3.8) A/m2 

 

 
Figure 3.8  Comparison of experimental and numerical data on the impact of temper-

ature on the corrosion current density. 

Results presented in Figure 3.8 show a very good agreement between the experi-
mental and numerical data, which indicates that the model is capable of simulating the 
short-term effect of temperature on the kinetics of the corrosion process. 

3.3.2.3 Oxygen  

As mentioned previously, the reduction of oxygen is one of the main half-cell reac-
tions taking place under natural conditions in reinforced concrete structures (other ca-
thodic reactions may also take place under certain conditions, see e.g. [Küter 2009, 
Toro et al. 2012]). Depletion of oxygen in the vicinity of the reinforcement will cease 
the cathodic half-cell reaction and subsequently the corrosion process itself. The ef-
fect is quantified by Equation (3.8) in the corrosion model, which relates the oxygen 
concentration at the steel surface to the limiting current density. The limiting current 
density directly affects the polarisation behaviour of the cathode and ultimately the 
corrosion current density. A graphical relation between the limiting current density 
and the corrosion current density for the simplified model is given in Figure 3.9.  
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Figure 3.9  Relation between limiting current density and corrosion current density 

for the simplified model geometry. 

Experimental results on the impact of oxygen on the corrosion process are presented 
in e.g. [Raupach 1996], who studied the kinetics of the corrosion process for speci-
mens under different storage conditions. Among others, Raupach [Raupach 1996] in-
vestigated specimens that were stored under water for one year prior to electrochemi-
cal testing. To study the effect of oxygen on the corrosion rate, Raupach [Raupach 
1996] polarised the steel surface to enhance the corrosion process and ensure oxygen 
reduction is the governing half-cell reaction at the cathodic sites. Results of the exper-
imental investigations are illustrated in Figure 3.10. Initially, a considerable corrosion 
current density of approximately 2.5μA/cm2 (1000μA) was measured, which de-
creased after a short period of time. The initial increase in corrosion current density 
was attributed to the presence of dissolved oxygen in the vicinity of the steel surface, 
which was rapidly consumed by the cathodic half-cell reaction leading to a depletion 
of oxygen and subsequent reduction of the corrosion rate. 

 
Figure 3.10 Influence of oxygen availability on the cathodic reaction (oxygen reduc-

tion) and corrosion current density of submerged specimens, from 
[Raupach 1996]. 

 

Department of Civil Engineering, Technical University of Denmark 49 



Corrosion of steel in concrete 3.3 Modelling reinforcement corrosion 

Similar results, found from numerical simulations, are presented in Figure 3.11 for the 
simplified model geometry. Initially, a considerable corrosion current density is ob-
tained due to the presence of dissolved oxygen in the vicinity of the steel surface. 
With progressing time, the oxygen is consumed by the cathodic half-cell reaction, 
which leads to a depletion of the oxygen and a reduction of the corrosion current den-
sity to negligible values. The model parameters for the numerical simulation to inves-
tigate the influence of oxygen on kinetics of the corrosion process are given in Table 
3.4. In addition, the development of the limiting current density and the oxygen con-
centration at the reinforcement surface (for different distances from the anode) are 
presented in Figure 3.12 and Figure 3.13, respectively. 

 
Figure 3.11 Development of corrosion current density for the simplified model geome-

try under submerged conditions. 

 

Table 3.4 Model parameters for numerical simulations to investigate the availability 
of oxygen at the cathode on the corrosion current density under sub-
merged storage conditions (T 20°C). 

Model Parameter Symbol Value Unit 
Concrete resistivity ρconc 20 Ωm 

Anodic exchange current density i0a 1.88E-04 A/m2 
Anodic equilibrium potential E0a -0.78 VSCE 

Anodic Tafel constant ba 0.06 V/dec 
Cathodic exchange current density i0c 6.25E-06 A/m2 

Cathodic equilibrium potential E0c 0.16 VSCE 
Cathodic Tafel constant bc 0.16 V/dec 
Oxygen concentration cO2 0.278 mol/m3 

Limiting current density ilim 2.14E-02 A/m2 
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Figure 3.12 Change of limiting current density under submerged conditions (for the 

simplified model geometry). 

 

 
Figure 3.13 Change of oxygen concentration (at reinforcement surface) at different 

distances from the anode under submerged conditions (for the simplified 
model geometry). 
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3.3.3 Comparison to experimental tests 

To demonstrate the capability of the reinforcement corrosion model presented in this 
chapter, Paper III, and Paper IV, numerical simulations of the reinforcement corrosion 
process are compared to experimental investigations presented in [López et al. 1993a]. 

López et al. [López et al. 1993a] investigated the influence of the degree of saturation 
on the resistivity of mortar specimens and the corrosion rate of carbon steel rein-
forcement. Two sets of specimen with mixed-in chlorides (2% by weight of cement) 
were prepared; one set for resistivity measurements (8×8×2cm3 mortar prisms) and 
another for electrochemical measurements (8×5.5×2cm3 mortar prisms). The speci-
mens for the electrochemical measurements were prepared with two carbon steel rein-
forcement bars (working electrode), which were symmetrically embedded around a 
centred stainless steel rebar (counter electrode). The specimens were cured for 40 
days at 23°C and afterwards exposed for 60 days to a relative humidity higher than 
90%. Finally, the mortar prisms were stored at 50°C and 50% relative humidity for 
500 days. More detailed information on the materials, conditioning, and geometry of 
the specimens as well as measurement techniques can be found in [López et al. 1993, 
López et al. 1993a].  

Details on the model parameters are provided in Table 3.5 and the model geometry 
and mesh for the numerical simulations are shown in Figure 3.14. Geometry and ma-
terial properties, such as mortar resistivity as a function of degree of saturation, were 
taken from the experimental data provided in [Lopez et al. 1993a]. Electrochemical 
parameters for the numerical model were derived from the thermodynamic and kinetic 
principles presented in the previous section. 

 

Table 3.5 Model parameters for numerical simulations to compare numerical re-
sults with experimental results obtained by [Lopez et al. 1993a]. 

Model Parameter Symbol Value Unit 
Mortar resistivity ρmor [López et al. 1993a] Ωm 

Anodic exchange current density i0a Equation (3.12) A/m2 
Anodic equilibrium potential E0a Equation (3.4) VSCE 

Anodic Tafel constant ba Equation (3.6) V/dec 
Cathodic exchange current density i0c Equation (3.12) A/m2 

Cathodic equilibrium potential E0c Equation (3.4) VSCE 
Cathodic Tafel constant bc Equation (3.6) V/dec 
Limiting current density ilim Equation (3.8) A/m2 
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(a) 

 

(b) 

Figure 3.14 (a) geometry and (b) mesh of numerical model for comparison with ex-
perimental investigations presented in [Lopez et al. 1993a] (all dimen-
sions in mm). 
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Results of the numerical simulations and presented in [Lopez et al. 1993a] are illus-
trated in Figure 3.15 highlighting the impact of varying degree of saturation on the 
corrosion current density. It is evident from the presented results that the corrosion 
model can accurately simulate the experimental conditions and corrosion current den-
sity presented in [Lopez et al. 1993a]. Furthermore, the impact of the various polarisa-
tion mechanisms controlling the corrosion process becomes clear from the results pre-
sented in Figure 3.15. At lower degrees of saturation (below approximately 30%), 
very low corrosion current densities are measured and predicted by the corrosion 
model. The results indicate that in this area resistance polarisation is mainly control-
ling the corrosion mechanism, which is attributed to the high mortar resistivity. In par-
ticular, the influence of the moisture content on the resistivity is considerable [Tuutti 
1982, Larsen 2007]. With increasing degree of saturation the mortar resistivity is de-
creasing rapidly, which is consequently leading to an increase in the corrosion current 
density. Between approximately 60 and 80% degree of saturation, a limited increase 
in corrosion current density is observed, although the mortar resistivity is still decreas-
ing. Within that area, the corrosion process is assumed to be controlled by a combina-
tion of activation and resistance polarisation. Finally, a decrease in corrosion current 
density is observed for values higher than approximately 85% degree of saturation. As 
presented in the previous section, the moisture content has considerable effects on the 
mass transport of species, which are relevant for the corrosion process. In this area 
(from approximately 85 to 100% degree of saturation), the corrosion process is mainly 
controlled by concentration polarisation due to a lack of oxygen ceasing the cathodic 
half-cell reaction. All these different polarisation phenomena, i.e. activation, concen-
tration, and resistance polarisation, are captured very well by the reinforcement corro-
sion model indicating that it is indeed capable of simulating the kinetics of the corro-
sion process. 

 
Figure 3.15 Comparison between experimentally measured corrosion current density 

and numerically modelled corrosion current density (experimental data 
reproduced from [Lopez et al. 1993a]). 
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3.4 Impact of cracks 
Within the past decades numerous investigations on the impact cracks have on the in-
gress of corrosion initiating substances and reinforcement corrosion have generally 
concluded that cracks facilitate rapid ingress of aggressive substances, see e.g. [Ja-
cobsen et al. 1996, Aldea et al. 1999, Edvardsen 1999, Rodriguez 2003, Pease et al. 
2009, Pease 2010] and subsequently reduce the corrosion initiation time. Both labora-
tory studies (see e.g. [Gautefall et al. 1983, Berke et al. 1993, Arya et al. 1996]) and 
in-situ observations (see e.g. [Rehm et al. 1964, Schießl 1976, Schießl et al. 1997] 
have noted an expedited corrosion initiation in cracked concrete compared to pristine 
concrete. Commonly used approaches attempt to relate corrosion initiation and propa-
gation to the concrete surface crack width (see e.g. [Gautefall et al. 1983, Berke et al. 
1993, Schießl 1976, Schießl et al. 1997]). Hence, controlling concrete surface crack 
widths has become the norm to attempt to minimize the impact of cracks on corro-
sion-induced deterioration in structural design codes and recommendations, see e.g. 
[ACI Committee 224 2001, DAfStb 2003, Eurocode 2 2004]. Various probabilistic, 
empirical, and quasi-analytical cracking models are utilized in structural design codes 
to predict crack widths based upon numerous geometric and stress (or strain) parame-
ters. However, predicted and observed crack widths can vary significantly. Further, a 
number of studies (both from laboratory and in-situ conditions) indicate that the con-
crete surface crack width alone cannot accurately assess the impact of cracks on rein-
forcement corrosion as other factors, such as concrete cover thickness [Schießl et al. 
1997, Schießl 1976], concrete composition (specifically water-to-cement ratio [Berke 
et al. 1993, Schießl et al. 1997, Miyazato et al 2005, Otieno et al. 2010, Makita et al. 
1980] and addition of supplementary cementitious materials [Gautefall et al. 1983, 
Marcotte et al. 2003,Scott et al. 2007]), stress level in the reinforcement [Yoon et al. 
2004], and crack orientation [Poursaee et al. 2008] alter the influence of the crack 
width on reinforcement corrosion. 

One possible explanation for the lacking relationship between concrete surface crack 
width and reinforcement corrosion behaviour is that the surface crack width alone 
does not reliable describe the condition of the concrete-reinforcement interface 
[Tammo et al. 2009, Pease 2010]. The condition of the concrete-reinforcement inter-
face appears to be a more fundamental issue than the concrete surface crack width in-
fluencing the corrosion protection ordinarily provided by concrete. Several references 
report accelerated corrosion initiation and relatively excessive cross-sectional reduc-
tions (compared to reinforcement with good cohesion with concrete) taking place at 
sites of various interfacial defects, including entrapped or cast-in voids [Buenfeld et 
al. 2004, Nygaard et al. 2005], spalled concrete [O’Neil 1980], and interfacial slip and 
separation caused by mechanical loading [Pease et al. 2011]. The presence of voids at 
the concrete-reinforcement interface reduces the critical chloride threshold for corro-
sion initiation as studied and presented by [Buenfeld et al. 2004, Nygaard et al. 2005]. 
This, coupled with the increased ingress rate of corrosion-initiating substances in the 
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presence of concrete cracks as described above, clearly illustrates the potential delete-
rious impact of concrete cracks on reinforced concrete structures. 

Paper VIII presents experimental studies investigating the relation between damage at 
the concrete-reinforcement interface and initiation of reinforcement corrosion in plain 
and fibre reinforced concrete. Main focus of the study was to test the hypothesis that 
controlling the concrete-reinforcement interfacial condition can be used as a reliable 
indicator for the impact of cracks on the risk of corrosion initiation along the rein-
forcement. The relation between interfacial damage and risk of corrosion initiation 
along the reinforcement was investigated for plain (PC) and steel fibre reinforced 
concrete (SFRC) beams subjected to flexural loading. A numerical model, developed 
and calibrated in Paper VI and Paper VII, provided estimates on the extent of the in-
terfacial damage for the applied loads and measured surface crack widths. The impact 
of concrete cover thickness, concrete composition, stress level in the reinforcement 
and crack orientation on the mechanical response of the beam, i.e. cracking and inter-
facial damage, is directly accounted for in the numerical model. Location- and time-
dependent corrosion measurements along the reinforcement were performed using 
recently developed “instrumented rebars”, which have a largely similar mechanical 
behaviour as conventional reinforcement [Pease et al. 2011]. A sketch of the design 
of the instrumented rebar is illustrated in Figure 3.16. The applicability of the instru-
mented rebar to monitor time- and location-dependent corrosion potentials in con-
crete, while having a similar mechanical behaviour as a conventional rebar, was tested 
and presented in [Pease et al. 2011]. Figure 3.17 illustrates the customized steel 
cracking frames, which were used to hold open cracks and interfacial damage after the 
beams were pre-cracked using a standard loading machine. During pre-cracking, load 
was applied to estimated cracking loads predicted by the numerical cracking model 
described in Paper VI and Paper VII. More detailed information on the material prop-
erties, specimen geometry, and mechanical and electrochemical testing procedures are 
provided in Papers VI - VIII. 

For each beam tested, the corrosion potential was measured at 17 locations and the 
corrosion current at 8 locations along the instrumented rebar. Contour plots illustrat-
ing results of all sensor locations along the instrumented rebar for plain reinforced 
concrete (PC) and steel fibre reinforced concrete (SFRC) are shown in Figure 3.18, 
Figure 3.19, and Figure 3.20. Results are given as a function of the exposure time (in 
days) and location from the crack (in mm) as well as corrosion potential (in VSCE) and 
corrosion current (in μA), which are indicated by a colour scale. Comparisons of the 
contour plots presented in Figure 3.18, Figure 3.19, and Figure 3.20, show similar cor-
rosion potentials for all three materials tested at the beginning of exposure, indicating 
passive corrosion state of the reinforcement. Similar values for passive reinforcement 
are reported in the literature (see e.g. [Küter 2009, Pease et al. 2011]). With progress-
ing time, an either gradual decrease or sudden drop in the corrosion potential was ob-
served for sensors along the instrumented rebar for all beams tested indicating that 
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active corrosion is thermodynamically favoured. Signs of active corrosion were ob-
served for potential differences ranging from approximately 0.1 to 0.4 VSCE for the 
various materials tested. Active corrosion was additionally confirmed by corrosion 
current measurements and destructive visual observations after testing was finished. 
However, time to corrosion initiation and extent of corrosion varied for the tested PC 
and SFRC beams. 

The results facilitate the hypothesis that the concrete-reinforcement interfacial condi-
tion can be used as a reliable indicator to quantify the impact of mechanically induced 
cracks on the risk of corrosion initiation along the reinforcement. Very good agree-
ments between the simulated interfacial damage, in particular the separation between 
reinforcement and concrete, and extent of active corrosion along the instrumented re-
bar indicated by the electrochemical measurements were obtained for all materials 
tested. Similar to the interfacial damage, a good correlation between the crack width 
at the concrete surface and extent of corrosion along the reinforcement was found for 
the three beams tested. However, for larger crack widths at the concrete surface the 
correlation between crack width and extent of corrosion may not hold true, especially 
with regards to the use of SFRC as the addition of steel fibres alter the extent of inter-
facial damage compared to PC as presented in Paper VI and Paper VII. 

 
Figure 3.16 Design of instrumented rebar for time- and location-dependent corrosion 

potential and corrosion current measurements (Note: ribs are not shown 
in sketch), after [Pease et al. 2011]. 

 
Figure 3.17 Steel cracking frames for loading of beams illustrating the instrumented 

rebar and ponding reservoir, after [Pease et al. 2011]. 
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(a) 

 
(b) 

 
(c) 

Figure 3.18 Location- and time-dependent corrosion potential (a) and corrosion cur-
rent density (b) (only for half of the sensors) measurements for plain con-
crete. (c) simulated extent of slip (diamond symbols) and separation 
(cross symbols) between concrete and reinforcement (crack width at con-
crete surface 0.069mm).  
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(a) 

 
(b) 

 
(c) 

Figure 3.19 Location- and time-dependent corrosion potential (a) and corrosion cur-
rent density (b) (only for half of the sensors) measurements for steel fibre 
reinforced concrete (0.5 vol%). (c) simulated extent of slip (diamond sym-
bols) and separation (cross symbols) between concrete and reinforcement 
(crack width at concrete surface 0.139mm). 
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(a) 

 
(b) 

 
(c) 

Figure 3.20 Location- and time-dependent corrosion potential (a) and corrosion cur-
rent density (b) (only for half of the sensors) measurements for steel fibre 
reinforced concrete (1.0 vol%). (c) simulated extent of slip (diamond sym-
bols) and separation (cross symbols) between concrete and reinforcement 
(crack width at concrete surface 0.068mm). 
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3.5 Service life prediction - an example 
To demonstrate the potential use of the electrochemical corrosion model for service 
life prediction a numerical example is provided. The example accounts for heat and 
mass transfer of various species, which is described by the material and transport 
model introduced in Chapter 2. The heat and mass transfer is furthermore fully cou-
pled to the reinforcement corrosion model presented in the previous sections of this 
chapter, which simulates the initiation and propagation of reinforcement corrosion. 
Corrosion is initiated when a critical chloride threshold at the reinforcement surface is 
reached (see Section 3.3.1). As mentioned previously, the critical chloride thresholds 
are distributed randomly along the reinforcement surface, hence anodic areas will also 
form randomly. The defined critical chloride thresholds are assumed constant 
throughout the complete simulation time. Varying climatic boundary conditions are 
applied, which will affect the thermodynamics and kinetics of reinforcement corrosion 
as presented in Sections 3.2 and 3.3. To demonstrate the impact of cracks on the ser-
vice life prediction, the simulation is repeated and a crack is included in the geometry. 
The crack is considered to act as a free surface in terms of heat and mass transfer. 
Although, previously presented results (see Section 2.5) indicate that a portion of the 
crack inhibits the ingress of aggressive substances, such as moisture or chlorides, and 
obeys similar behaviour as the bulk material, the delayed ingress is negligible with 
respect to the service life of a reinforced concrete structure. In the presented experi-
mental tests (see Section 2.5), the moisture front reached the bottom of the measure-
ment area after a couple of hours. Model geometry and mesh for the numerical exam-
ple are presented in Figure 3.21. Annual profiles of temperature, relative humidity, 
and chloride, applied as boundary conditions in the numerical simulation, are present-
ed in Figure 3.22, Figure 3.23, and Figure 3.24. An overview of the modelling param-
eters for the simulation is given in Table 3.6. Selected results of the simulation in-
clude corrosion potential, corrosion current density, chloride concentration, and criti-
cal chloride thresholds along the reinforcement surface for different times as well as 
the development of cross sectional reduction of the reinforcement over a period of 100 
years. 

Figure 3.25 (a) and (b) illustrate the assigned critical chloride thresholds as well as 
chloride concentrations for various times in the uncracked and cracked beam geome-
try, respectively. The presented results clearly show the impact of the crack on the 
chloride ingress. Considerably higher chloride concentrations can be found in the vi-
cinity of the reinforcement due to the presence of the crack, which leads to an earlier 
achievement of the assigned critical chloride thresholds in the vicinity of the crack. As 
soon as a critical chloride threshold is reached, corrosion is initiated as shown in Fig-
ure 3.26 by a decrease in corrosion potential. Comparing the uncracked and cracked 
geometry reveals, that corrosion is initiated considerably earlier in the cracked beam. 
After approximately 29.2 years of simulation time no decrease in corrosion potential 
is seen for the uncracked beam geometry, while the corrosion potential near the crack 
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is decreased to values indicating active corrosion of reinforcement for the cracked 
beam geometry. As the chloride concentration near the reinforcement is increasing 
with progressing time, more critical chloride thresholds are reached and anodic sites 
along the reinforcement are formed. The resulting corrosion current density along the 
reinforcement in the cracked and uncracked beam geometry is illustrated in Figure 
3.27 for selected times. Similar to the development of the corrosion potential, the in-
fluence of the crack can be observed. After approximately 29.2 years, two distinct re-
gions can be distinguished for the cracked beam geometry; an active region near the 
crack and passive regions at a certain distance from the crack. No active corrosion is 
observed in the uncracked beam geometry. The arrangement of anodic and cathodic 
sites in the cracked beam geometry results in a localized corrosion attack near the 
crack, with higher cross sectional reductions of the reinforcement compared to the 
uncracked beam geometry. Figure 3.28 shows the development of the cross sectional 
reduction of the reinforcement over a period of 100 years for both geometries. The 
impact of the crack on the cross sectional reduction can be clearly seen comparing 
Figure 3.28 (a) and (b). While up to approximately 30 years no corrosion is initiated 
in the uncracked beam, active corrosion is observed in the cracked beam almost right 
from the beginning. Comparison between the cross sectional reduction after approxi-
mately 100 years reveals that higher values can be found in the cracked beam geome-
try. A flattening of the cross sectional reduction curves towards the end of the simula-
tions is observed for both geometries, which is attributed to the formation of large an-
odic areas along the reinforcement, rather than distinct anodic and cathodic areas. The 
corresponding corrosion current density is then considerably lower (see Section 
3.3.2.1), resulting therefore in lower cross sectional reductions. Variations in the cor-
rosion current density due to annual variations in temperature, chloride, and moisture 
are clearly visible in Figure 3.29 in which the cross sectional reduction between 33 
and 35 years is plotted for the uncracked beam geometry and between 7 and 9 years 
for the cracked beam geometry. 

 
(a) 

 
(b) 

 
(c) 

Figure 3.21 Model geometry for (a) uncracked beam and (b) cracked beam and (c) 
mesh. 
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Figure 3.22 Annual temperature profile (temperature profile is duplicated for 100 
years). 

 

 

 

Figure 3.23 Annual relative humidity profile (relative humidity profile is duplicated 
for 100 years). 
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Figure 3.24 Annual chloride profile (chloride profile is duplicated for 100 years). 

 

Table 3.6 Model parameters for service life prediction of cracked and uncracked 
beam geometry. 

Model Parameter Symbol Value Unit 
Moisture transport coefficient kpC,T Section 2.6 m/s 

Ionic transport coefficient Di Section 2.6 m2/s 
Heat transport coefficient kT,pC Section 2.6 W/m2K 

Oxygen transport coefficient DO2 Paper IV m2/s 
Concrete resistivity ρconc Paper IV Ωm 

Anodic exchange current density i0a Equation (3.12) A/m2 
Anodic equilibrium potential E0a Equation (3.4) VSCE 

Anodic Tafel constant ba Equation (3.6) V/dec 
Cathodic exchange current density i0c Equation (3.12) A/m2 

Cathodic equilibrium potential E0c Equation (3.4) VSCE 
Cathodic Tafel constant bc Equation (3.6) V/dec 
Limiting current density ilim Equation (3.8) A/m2 
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(a) 
 
 

 

 

(b) 
Figure 3.25 Free chloride concentration and critical chloride threshold (magenta 

broken lines) at the reinforcement surface for (a) uncracked beam and (b) 
cracked beam geometry at selected times. 
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(a) 
 
 

 

 

(b) 
Figure 3.26 Corrosion potential at the reinforcement surface for (a) uncracked beam 

and (b) cracked beam geometry at selected times. 
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(a) 
 
 

 

 

(b) 
Figure 3.27 Corrosion current density at the reinforcement surface for (a) uncracked 

beam and (b) cracked beam geometry at selected times. 
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(a) 

 
 

 
(b) 

Figure 3.28 Heaviest cross sectional reduction of reinforcement for (a) uncracked 
beam and (b) cracked beam geometry. 
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(a) 

 
 

 
(b) 

Figure 3.29 Influence of annual temperature, chloride, and moisture variations on the 
cross sectional reduction of reinforcement for (a) uncracked beam and (b) 
cracked beam geometry. 
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3.6 Summary and conclusions 
Chapter 3 dealt with the numerical simulation of the corrosion process in reinforced 
concrete, which is indispensible for a service life prediction of reinforced concrete 
associated with chloride-induced corrosion. A numerical model to describe the corro-
sion process of steel in concrete was presented taking into account basic thermody-
namic and kinetic principles of the reinforcement corrosion process. The model ac-
counts further for the impact of various polarisation phenomena, heat, and mass 
transport of different species on the corrosion process.  

The influence of individual parameters on the kinetics of the corrosion process was 
dealt with in Section 3.3.2 and results of numerical simulations were compared to ex-
perimental data. Initially, the impact of the geometrical arrangement of anodic and 
cathodic areas along the reinforcement on the corrosion current density was investi-
gated. Numerical results dealing with the impact of temperature on the corrosion pro-
cess were compared to experimental investigations carried out in connection with this 
Ph.D. study (presented in Paper V). Furthermore, it was shown that the model can ac-
curately capture the effect of concentration polarisation on the corrosion process com-
paring model results to experimental results provided in the literature. Finally, the ap-
plicability of the model using basic thermodynamic and kinetic principles to model 
the corrosion process accounting for the impact of various polarisation phenomena 
was illustrated comparing numerical simulations to experimental results presented in 
[López et al. 1993a]. 

The influence of cracks on the risk of corrosion initiation in plain reinforced concrete 
and steel fibre reinforced concrete was presented in Section 3.4 and Paper VIII. Re-
sults of electrochemical measurements (corrosion potential and corrosion current), 
mechanical simulations (predictions of the extent of slip and separation between con-
crete and reinforcement) and destructive visual observations (extent of chloride in-
gress and corrosion along the conventional and instrumented reinforcement) were pre-
sented. 

To demonstrate the potential use of the electrochemical model for service life predic-
tion, a numerical example was given, in which a simple beam geometry with and 
without a crack was studied. The electrochemical model was fully coupled to the heat 
and mass transfer model presented in Chapter 2, to account for impact of temperature, 
moisture, and chloride on the initiation and propagation of reinforcement corrosion. 

From the work presented in this chapter the following conclusion can be drawn: 

• Basic thermodynamic and kinetic principles can be used to describe the corro-
sion process of reinforcement in concrete, which was verified comparing re-
sults of numerical simulations to experimental investigations either provided 
in the literature or conducted throughout the Ph.D. study. 
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• The presented corrosion model holds the potential to investigate the influence 
of individual parameters on the corrosion process. This may be used for design 
purposes estimating the service life of new structures, maintenance planning, 
and determination of the residual service life of existing structures or to evalu-
ate the potential of repair methods, e.g. replacement of concrete cover. For in-
stance, the influence of geometrical parameters, such as arrangement of rein-
forcement or increase/decrease of concrete cover thickness, as well as the in-
fluence of specific material properties, such as the resistivity, may be investi-
gated with the model and related to the service life of a reinforced concrete in 
terms of initiation and propagation of reinforcement corrosion. 

• The hypothesis that the concrete-reinforcement interfacial condition is a relia-
ble indicator to quantify the impact of mechanically induced cracks on the risk 
of corrosion initiation along the reinforcement was reinforced. Very good 
agreements between simulated interfacial damage, in particular the separation 
between reinforcement and concrete, and extent of active corrosion along the 
instrumented rebar (indicated by electrochemical measurements) were ob-
tained for all materials tested. The extent of interfacial damage due to load-
induced cracking may be determined by mechanical finite element models, 
which directly account for the impact of various parameters (e.g. concrete 
cover thickness, concrete composition, stress level in the reinforcement and 
crack orientation) on the mechanical response (extent and magnitude of slip 
and separation between reinforcement and concrete). Such models may further 
be directly coupled to corrosion models providing important information on 
the interfacial conditions along the reinforcement enhancing service life pre-
dictions for reinforced concrete. 
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Chapter 4 

4Corrosion-induced concrete damage 

4.1 Introduction 
This chapter deals with corrosion-induced damage in cementitious materials, in par-
ticular cover cracking in reinforced mortar and concrete samples. The chapter is com-
prised of several sections. In Section 4.2, the modelling approach for a finite element 
(FEM) based model is introduced that is capable of simulating corrosion-induced de-
formations. The model is based on non-linear elastic fracture mechanics in which 
fracture mechanical properties are described by the effective cohesive relationship of 
the cementitious material. A more detailed description of the developed model is giv-
en in Paper IX. A review of basic fracture mechanics is not included in this chapter as 
this is not within the scope of this Ph.D. thesis and can be found elsewhere in the lit-
erature, see e.g. [Shah et al. 1995, Karihaloo 1995, van Mier 1997, Anderson 2005].  

Section 4.3 presents results of x-ray attenuation measurements to quantify the penetra-
tion of corrosion products in cementitious materials. Detailed information on the ap-
plicability of x-ray attenuation measurements to determine the penetration of corro-
sion products can be found in Paper X, while results of an experimental study are pre-
sented in Paper XI.  Results of x-ray attenuation measurements are then used to de-
velop a concept to describe the penetration of solid corrosion products in cementitious 
materials and further develop the FEM based cracking model in Section 4.4. Further 
details on the FEM based model including the penetration of solid corrosion products 
and other time-dependent phenomena can be found in Paper XII. Finally, a brief 
summary is provided and conclusions are drawn in Section 4.5. 
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4.2 Modelling approach 
Once corrosion is initiated, electrochemical half-cell reactions are taking place along 
the reinforcement. While at the anode an oxidation of iron is occurring, a reduction 
reaction (e.g. reduction of oxygen) is taking place at the cathodic sites along the rein-
forcement. The ionic reaction products of these half-cell reactions may then further 
react and form solid corrosion products in the vicinity of the reinforcement. As pre-
sented in the previous chapter, the kinetics (i.e. the rate) of these reactions and there-
fore the formation of the latter corrosion products, are dependent on numerous factors 
(see Section 3.3). Moreover, the type of corrosion product is dependent on the ther-
modynamical conditions present in the vicinity of the reinforcement [Küter 2009]. 
Solid corrosion products, which may form as a result of chloride-induced corrosion, 
are given in Table 4.1 [Koleva et al. 2006, Marcotte et al. 2007, Caré et al 2008]. 
Apart from the solid corrosion products presented in Table 4.1, soluble iron-chloride 
complexes (also referred to as green rust) may form in an oxygen-deprived environ-
ment in which chlorides are present [Refait et al. 1998, Génin et al. 2001, Koleva et 
al. 2006, Küter 2009]. Such soluble iron-chloride complexes may not necessarily 
form in the vicinity of the reinforcement surface, as shown e.g. by [Küter 2009]. In 
the present thesis, the formation of such soluble corrosion products is neglected and 
only the formation of solid iron oxides in the vicinity of the reinforcement surface is 
assumed.  

Independent of the type of iron oxides formed as a result of active corrosion, the iron 
oxides occupy a larger volume than the initial iron that is consumed during the corro-
sion reaction, see e.g. [Alonso et al., 1998, Marcotte et al. 2007]. The increased vol-
ume of the corrosion products causes tensile stresses in the surrounding concrete and 
may lead to concrete cracking, spalling or delamination if the tensile strength of the 
concrete is exceeded. Formation of cracks in the concrete cover as well as cross sec-
tional reduction of reinforcement area is affecting strength and serviceability of rein-
forced concrete structures. Hence, the description of the corrosion process (see Chap-
ter 3) as well as the subsequent formation and propagation of corrosion-induced 
cracking is of major importance for the prediction of (residual) service life and/or 
support of maintenance planning of reinforced concrete structures.  

 

Table 4.1 Expansion coefficients of selected corrosion products, from [Caré et al. 
2008]. 

Name Chemical symbol Volume expansion coefficient 
Magnetite Fe3O4 2.08 
Hematite Fe2O3 2.12 
Goethite α-FeOOH 2.91 

Lepidocrocite Fe2O3·H2O 6.40 
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A variety of models dealing with corrosion-induced concrete cover cracking can be 
found in the literature. The available models can be broadly divided into empirical, 
see e.g. [Alonso et al. 1998], analytical, see e.g. [Bazant 1979, Chernin et al. 2010], 
and numerical models, see e.g. [Molina et al. 1993, Andrade et al. 1993, Val et al. 
2009]. Paper IX introduces the concept of a combined modelling approach to simulate 
corrosion-induced concrete cover cracking in reinforced concrete. While an electro-
chemical model (see Chapter 3) is employed to describe the rate of corrosion and sub-
sequent formation of corrosion products, a fracture mechanics model is used to simu-
late the formation of corrosion-induced cracks. The model assumes uniform corrosion 
along the reinforcement for which the mechanical analysis can be formulated in a 2D 
plain strain problem. Basic geometrical considerations, assumed crack propagation, 
and methodology of load application in the finite element method (FEM) model are 
illustrated in Figure 4.1 and Figure 4.2. For the determination of the corroded rein-
forcement section (see Figure 4.1), Faraday´s law is used, which describes the relation 
between thickness reduction per time and corrosion current density, predicted by the 
corrosion model described in the previous chapter: 

 𝑋(𝑡) =
𝑀𝐹𝑒

𝑧𝐹𝜌𝐹𝑒
� 𝑖𝑐𝑜𝑟𝑟

𝑡

0

(𝑡)𝑑𝑡 (4.1) 

where X(t) is the cross sectional reduction of the reinforcement as a function of time, 
t, MFe the molar mass of iron, and ρFe the density of iron.  

To model the expansive nature of corrosion products a thermal analogy was used, in 
which a thermal load was applied to the corroded reinforcement section (see Figure 
4.1) to mimic the increased volume of corrosion products. Assuming a constant coef-
ficient of thermal expansion, the applied temperature increment was then representing 
the solid corrosion product. Assuming further isotropic material properties of the cor-
rosion products, the linear expansion coefficient may be obtained as one third of the 
volume expansion coefficient. For instance, assuming the formation of Lepidocrocite 
with a volume expansion coefficient of 6.4 (see Table 4.1); a linear expansion coeffi-
cient of 2.13 was applied in the FEM model. 

To demonstrate the applicability of the model, numerical simulations are compared to 
experimental data presented in [Vu et al. 2005]. Vu et al. [Vu et al. 2005] monitored 
corrosion-induced crack formation in reinforced concrete slabs under accelerated con-
ditions, i.e. a constant current was applied to polarise the steel and enforce active cor-
rosion. Throughout the experiments, a constant corrosion current density of 100 
μA/cm2 was applied. Assuming 100% current efficiency, i.e. all current applied is 
used for the formation of corrosion products, and uniform corrosion, Equation 4.1 
yields the cross sectional reduction of the reinforcement. An overview of the material 
properties (provided in [Vu et al. 2005]) used for the simulation of the experiments is 
given in Table 4.2. 
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Figure 4.1  Load application and geometrical considerations in FEM model to simu-

late corrosion-induced concrete cracking, from [Michel et al 2010a]. 

 
Figure 4.2  Assumed crack propagation in FEM model to simulate corrosion-induced 

concrete cover cracking, from [Michel et al. 2010a]. 

A comparison of the experimental and numerical results is shown in Figure 4.3. It ap-
pears that the model can accurately simulate the experimental data once a certain 
crack width is reached. However, the time-to-crack initiation and the initial crack 
propagation is considerably overestimated by the model (please note the logarithmic 
time scale in Figure 4.3). This discrepancy between the experimental data and numer-
ical results may be attributed to the penetration of part of the corrosion products into 
open pore space/voids of the surrounding concrete. The next section deals with this 
phenomenon and introduces a measurement technique that allows for a direct quanti-
fication of the size of the so-called corrosion accommodating region (CAR). 

Table 4.2 Material properties to simulate corrosion-induced concrete cover crack-
ing under accelerated conditions, from [Vu et al. 2005]. 

Name Symbol Value Unit 
Young’s modulus concrete Ec 42.25 GPa 
Tensile strength concrete ft,c 3.94 MPa 

Young’s modulus corrosion products Ecorr 2.1 GPa 
Volume expansion coefficient corrosion products ηvol 2.94 - 
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Figure 4.3  Comparison between experimentally measured and numerically predicted 

concrete cracking under accelerated corrosion conditions (experimental 
data reproduced from [Vu et al. 2005]). 

4.3 Penetration of corrosion products 
The corrosion accommodation region (CAR) (also referred to as “diffusion” or “po-
rous” zone) is a key parameter in corrosion-induced concrete cracking models. The 
CAR describes a region of concrete around the reinforcement, which can accommo-
date expansive corrosion products delaying stress development in the concrete. This 
region has a major influence on the predicted time-to-crack initiation and the crack 
propagation behaviour [Liu et al. 1998, Caré et al. 2008, Val et al. 2009]. Inconsistent 
values are cited for the CAR, ranging from 0.002 to approximately 0.12 mm in thick-
ness [Chernin et al. 2010]. In some cases, the size of the CAR is “determined” as a 
fitting parameter to provide model outputs in line with experimental results [Liu et al. 
1998, El Maaddawy 2009, Val et al. 2009]. Previous experimental efforts to physical-
ly measure the thickness of the CAR included cutting, sawing, and impregnating sam-
ples [Caré et al. 2008]. These destructive methods are potentially invasive, causing 
possible movement or washing away of corrosion products and hindering reliable 
measurements. Paper X presents the applicability of the x-ray attenuation method to 
monitor corrosion products as well as the formation and propagation of cracks in ce-
mentitious materials in a non-destructive manner.  

Selected experimental results from an initial study on reinforced mortar samples in 
form of contour plots are presented in Figure 4.4. The contour plots were obtained by 
image analysis of the original x-ray images including location- and time-dependent 
information on the concentration of corrosion products as well as corrosion-induced 
cracks. For further details about geometry and material of the specimens tested as well 
as the x-ray attenuation measurement technique and subsequent image analysis refer-
ence is made to Paper X and [Pease 2010]. 
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Figure 4.4  Contour plots with location- and time-dependent information on corro-

sion-induced cracks (grey in colour) and concentration of corrosion 
products (blue in colour) after 14 hours (left), 71 hours (middle), and 119 
hours (right) of accelerated corrosion testing, from [Michel et al. 2011]. 

To further study the corrosion accommodating region (CAR) and potential influences 
of concrete properties (e.g. water-to-cement ratio) and corrosion current density on the 
movement of corrosion products, a parametric study was conducted. Throughout the 
study, the influence of corrosion current density and water-to-cement ratio (w/c) on 
the CAR as well as the formation and propagation of corrosion-induced cracks in rein-
forced cementitious materials was investigated. The applied corrosion current densi-
ties were in the range of 10 μA/cm2 to 100 μA/cm2, in which 10 μA/cm2 was reported 
as a realistic corrosion current density for actual structures subjected to corrosion, see 
e.g. [Tuutti 1982]. While selected results of the study are presented in Figure 4.5 and 
Figure 4.6, detailed information on the geometry and mix design of the specimens, 
measurement technique, and results can be found in Paper XI. 

In general, it is observed that the amount of corrosion products is increasing and fur-
ther penetrating into the cementitious material as time progresses, independent of w/c 
and applied corrosion current density. Furthermore, the results indicate (see Figure 4.5 
and Figure 4.6) that the depth of penetration of corrosion products is varying for the 
different w/c and applied corrosion current densities. While with decreasing corrosion 
current density the depth of penetration of corrosion products is increased, the results 
indicate that the depth of penetration is reduced as the w/c is reduced for the same 
corrosion current density. 

Results of the experimental study presented in Paper XI provided pertinent infor-
mation for the further development and verification of the corrosion-induced cracking 
model introduced in the previous section. The basic concept to incorporate the move-
ment of solid corrosion products into corrosion-induced cracking models is presented 
in the next section. 

  

78 Department of Civil Engineering, Technical University of Denmark 



4.3 Penetration of corrosion products Corrosion-induced concrete damage 

 
(a) 

 
(b) 

 
(c) 

Figure 4.5  Average concentration of corrosion products as a function of radius from 
the rebar surface at varying times for specimens with a w/c of 0.5 subject-
ed to (a) 100 µA/cm2, (b) 50 µA/cm2, and (c) 10 µA/cm2 corrosion current 
density. The solid line indicates the time when a crack was first observed 
(please note: no cracks were observed for the specimen subjected to 10 
µA/cm2 until the test was terminated). 
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(a) 

 
(b) 

 
(c) 

Figure 4.6  Average concentration of corrosion products as a function of radius from 
the rebar surface at varying times for specimens with a w/c of 0.3 subject-
ed to (a) 100 µA/cm2, (b) 50 µA/cm2, and (c) 10 µA/cm2 corrosion current 
density. The solid line indicates the time when a crack was first observed 
(please note: no cracks were observed for the specimen subjected to 10 
µA/cm2 until the test was terminated). 
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4.4 Corrosion-induced cracking model 
As presented in the previous sections, the penetration of solid corrosion products has 
considerable effects on the time-to-crack initiation in reinforced concrete. Paper XII 
introduces a finite element (FEM) based corrosion-induced cracking model taking in-
to account the penetration of solid corrosion products into the pore spaces/voids of 
cementitious materials. The introduced FEM model is based on the modelling ap-
proach presented in Section 4.2 taking into account the experimental results on pene-
tration of solid corrosion products shown in Section 4.3.  

A conceptual schematic to include the penetration of solid corrosion products in the 
FEM model is shown in Figure 4.7. Based on the experimental results presented in the 
previous section and Paper XI, it is assumed that an initial corrosion accommodating 
region (CAR) around the reinforcement exists, denoted CAR0, which delays stress 
formation while filling with solid corrosion products. Once this initial CAR0 is filled 
with corrosion products, tensile stresses in the surrounding cementitious material will 
increase and potentially lead to the formation of micro-cracks. These micro-cracks 
allow solid corrosion products to penetrate additional pore spaces and further delay 
corrosion-induced stresses. At some point a maximum size of the CAR, denoted as 
CARMAX, is reached. No corrosion products can penetrate the matrix of the cementi-
tious material beyond that point and all additionally formed corrosion products will 
introduce tensile stresses and potentially lead to the formation of a macro-crack. 

 
Figure 4.7  Conceptual schematic to describe the penetration of solid corrosion prod-

ucts, where (a) shows the initial CAR0, (b) the increase in CAR size to a 
maximum, and (c) the formation of micro-cracks between pores, from 
[Pease et al. 2012a]. 
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To demonstrate the applicability of the developed FEM model to predict corrosion-
induced deformations and subsequent crack formation, numerical simulations are 
compared to two experimental studies: 

1. The experimental investigations conducted by [Vu et al. 2005] (see Section 
4.2). 

2. Photogrammetric investigations of reinforced specimens subjected to acceler-
ated corrosion presented in Paper XII.  

Figure 4.8 illustrates a comparison of the experimental data provided in [Vu et al. 
2005] and numerical predictions (taking into account the penetration of solid corro-
sion products and neglecting the penetration of solid corrosion products). While the 
initial CAR size and growth was estimated from experimental data presented in Paper 
XI, material properties were applied as presented in Table 4.2. It is evident from the 
results that the presented model can very precisely describe the experimental observa-
tions presented in [Vu et al. 2005] including the time-to-crack initiation and the sub-
sequent crack propagation when the penetration of solid corrosion products is ac-
counted for. 

Paper XII introduces digital image correlation (DIC) for corrosion-induced defor-
mation measurements. Reinforced specimens were subjected to accelerated corrosion 
and monitored by means of DIC, which allowed for deformation measurements in the 
sub-micron scale between reinforcement and cementitious material. For further details 
about geometry and mix design of the specimens as well as DIC measurement tech-
nique reference is made to Paper XII. Selected results of the experimental study are 
presented in Figure 4.9 and compared to numerical predictions in Figure 4.10. 

Figure 4.9 shows corrosion-induced deformations between the steel and cementitious 
material at various positions around the reinforcement determined from DIC meas-
urements. While at some locations an increase in deformation with progressing time is 
measured (indicating presence and formation of solid corrosion products), decreasing 
deformations are obtained for other locations. The results indicate that the formation 
of corrosion products is non-uniform around the reinforcement, although a direct cur-
rent was applied enforcing corrosion to occur. 

Although the results indicate non-uniform corrosion around the steel circumference, 
the FEM model was used to simulate the experiments. A comparison of modelled and 
measured deformations is provided in Figure 4.10 after three days of accelerated test-
ing. Despite the fact that the FEM model assumes a uniform deposition of corrosion 
products and therefore cannot accurately model all measured corrosion-induced de-
formations, Figure 4.10 illustrates the model can accurately describe certain locations 
and appears to capture important processes of the corrosion-induced deformation pro-
cess. 
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Figure 4.8  Comparison between experimentally measured and numerically predicted 

concrete cracking under accelerated corrosion conditions (100 μA/cm2) 
taking into account the penetration of solid corrosion products (experi-
mental data reproduced from [Vu et al. 2005]). 

 

 
Figure 4.9  Corrosion-induced deformations measured between steel and mortar at 

varying locations identified in the inset image using DIC, from [Pease et 
al. 2012a]. 
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Figure 4.10 Modelled corrosion-induced deformations between steel and cementitious 

matrix at varying locations of the steel surface expressed as polar coordi-
nates. For DIC measurements – clockwise from 12 to 6 o’clock corre-
sponds to 0 to +180°, counter clockwise from 12 to 6 o’clock corresponds 
to 0 to -180°, from [Pease et al. 2012a]. 

4.5 Summary and conclusions 
Chapter 4 of this Ph.D. thesis dealt with corrosion-induced damages, in particular the 
formation and propagation of cracks in reinforced mortar and concrete specimens. A 
finite element based modelling approach was presented in Section 4.2 and Paper IX 
that allows for the simulation of corrosion-induced deformations utilising a thermal 
analogy. In Section 4.3, the influence of solid corrosion products penetrating into ce-
mentitious materials on the time-to crack initiation was discussed. While Paper X in-
troduced x-ray attenuation as a measurement technique to quantify the penetration of 
corrosion products, an experimental study on the impact of water-to-cement ratio and 
corrosion current density on the corrosion accommodating region was presented in 
Paper XI. These experimental results were used in Section 4.4 and Paper XII to fur-
ther develop the finite element based cracking model to include the penetration of sol-
id corrosion products into cementitious materials. 

From the work presented in this chapter the following conclusion can be drawn: 

• The finite element based cracking model can be used to describe corrosion-
induced deformations in reinforced cementitious materials, which was verified 
comparing numerical simulations and experimental investigation either pre-
sented in literature or conducted during the Ph.D. study. 
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• The used thermal analogy to describe the increased volume of solid corrosion 
products holds the potential to mimic any type of solid corrosion product that 
is formed. Further, the developed model can be used to investigate the impact 
of varying geometrical parameters (e.g. concrete cover thickness or rebar di-
ameter) and material properties (concrete tensile strength, concrete softening 
behaviour) on the formation and propagation of cracks. In particular, the con-
crete softening behaviour, i.e. the ability to transfer stresses once cracked, is of 
interest with respect to the use of fibre reinforced cementitious materials. 

• The penetration of corrosion products into cementitious materials has a con-
siderable influence on the time-to-crack initiation and propagation. X-ray at-
tenuation measurements can be used to obtain location- and time-dependent 
information on the penetration of corrosion products. Such measurements 
were used to develop a concept to describe the penetration of solid corrosion 
products in a finite element based cracking model. 
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Chapter 5 

5Summary and discussion 

5.1 Summary 
The objective of this Ph.D. study was to establish, test, and demonstrate a theoretical 
framework to describe reinforcement corrosion in concrete using numerical methods. 
To limit the scope of the work, focus was placed on chloride-induced reinforcement 
corrosion and subsequent mechanical analysis of corrosion-induced cracking in struc-
tural members. The framework was based on the analysis of the ingress of aggressive 
substances, electrochemical processes, and corrosion-induced damages (see Figure 
1.3). The study included numerical and experimental work on heat and mass transport, 
electrochemical processes, and corrosion-induced damages in reinforced cementitious 
materials. The applicability of the individual models was verified comparing numeri-
cal predictions with experimental results either obtained as part of the Ph.D. study or 
provided in the literature. 

5.2 Discussion 

5.2.1 Modelling reinforcement corrosion 

Reinforcement corrosion processes in concrete structures are highly complex and af-
fected by interactions of the steel and concrete with ambient conditions. The electro-
chemical half-cell reactions of the active (anode) and the passive reinforcement sur-
face (cathode) as well as the heat and mass transfer of various species are controlling 
the reinforcement corrosion process. Previous models simulating the reinforcement 
corrosion process in reinforced concrete, see e.g. [Jäggi 2001, Kranc et al. 2001, 
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Maruya et al. 2003, Ouglova et al. 2005, Isgor et al. 2006, Osterminski et al. 2006, 
Warkus et al. 2006, Warkus et al. 2008] were limited to either the initiation or the 
propagation phase and often based on oversimplified assumptions concerning material 
parameters and structural detailing. 

While the developed set of models allow for the combined simulation of initiation and 
propagation of reinforcement corrosion, the application is at present limited to chlo-
ride-induced corrosion with preselected anodic and cathodic half-cell reactions. To 
describe chloride-induced corrosion initiation, a conditional statement is defined 
along the reinforcement surface, which comprises the definition of a critical chloride 
threshold for elements along the reinforcement surface (see Section 3.3.1). The de-
fined critical chloride thresholds are varied randomly along the reinforcement surface 
to account for the influence of various parameters and represent a realistic structure 
with defects and voids present at the concrete steel interface as was shown in e.g. 
[Buenfeld et al. 2004, Nygaard et al. 2005, Angst et al. 2009]. Further, the influence 
of various parameters on the kinetics of the corrosion process is included in the devel-
oped model and was studied by means of a parametric study. Within the parametric 
study, the effects of anode-to-cathode area ratio, oxygen, temperature, and moisture 
content on the corrosion current density were investigated (see Section 3.3.2). It was 
shown that the developed corrosion model, based on generally accepted physical laws 
describing thermodynamics and kinetics of electrochemical processes, can capture the 
influence of the investigated parameters comparing experimental and numerical data. 
This allows the corrosion model (when coupled to the heat and mass transport model) 
to include the impact of varying exposure conditions, material properties, and struc-
tural detailing on the corrosion process and enhance predictions of the initiation of 
reinforcement corrosion and the corrosion rate over time.  

Although, the potential of the model to describe the thermodynamics and kinetics of 
the reinforcement corrosion process could be shown comparing experimental and nu-
merical data, further validation is needed. In particular, long-term in-situ data of rein-
forced concrete structures is needed to validate the ability of the developed set of 
models to provide accurate predictions of corrosion state and rate under varying expo-
sure conditions. 

5.2.2 Impact of cracks 

5.2.2.1 Ingress of aggressive substances 

Current recommendations, standards, and service life models, see e.g. [fib Bulletin 34 
2006, Life-365 Consortium II 2010, Jäggi 2001, Kranc et al. 2001, Maruya et al. 
2003, Ouglova et al. 2005] assume an initial pristine state for the determination of the 
(residual) service life of reinforced concrete structures. Research and experiments 
conducted throughout this Ph.D. study showed that cracks facilitate rapid ingress of 
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aggressive substances [Jacobsen et al. 1996, Aldea et al. 1999, Edvardsen 1999, Ro-
driguez et al. 2003, Lindquist et al. 2006, Pease et al. 2009], and cause considerable 
reductions in the time to corrosion initiation [Schießl 1976, Schießl et al. 1997, Otieno 
et al. 2010, Pease et al. 2011]. 

To account for the impact of cracks on the ingress of aggressive substances, a numeri-
cal model was presented in this Ph.D. thesis. The model is based on experimental 
work presented in [Pease 2010] and assumes that the total crack length can be divided 
into two parts; 1) a coalesced crack length that behaves as a free surface for moisture 
ingress, and 2) an isolated micro-cracking length that resists ingress similarly to the 
bulk material. Experimental and numerical results were presented illustrating that the 
model can accurately describe the ingress behaviour in cracked wedge splitting test 
(WST) specimens. This allows the heat and mass transport model to account for the 
impact of cracks on the ingress of potential corrosion-initiating substances and pro-
vide more realistic predictions on the initiation and propagation of reinforcement cor-
rosion (when coupled to corrosion model). 

However, potential self-healing of cementitious materials, closure of cracks due to 
stress relaxation or pumping effects due to opening and closing of cracks are not con-
sidered in the present model. These effects may have a considerable impact hindering 
the ingress of aggressive substances and subsequently affecting the reinforcement cor-
rosion process. 

5.2.2.2 Reinforcement corrosion 

Although a number of studies (both from laboratory and in-situ conditions) indicate 
that the concrete surface crack width alone cannot accurately assess the impact of 
cracks on reinforcement corrosion, (see e.g. [Schießl et al. 1997, Schießl 1976, Berke 
et al. 1993, Schießl et al. 1997, Miyazato et al 2005, Otieno et al. 2010, Makita et al. 
1980]), the concrete surface crack width is commonly related to corrosion initiation 
and propagation (see e.g. [Gautefall et al. 1983, Berke et al. 1993, Schießl 1976, 
Schießl et al. 1997]). 

Experimental results presented in this Ph.D. study facilitate the hypothesis that the 
concrete-reinforcement interfacial condition can be used as a reliable indicator to 
quantify the impact of mechanically induced cracks on the risk of corrosion initiation 
along the reinforcement. In particular, the separation between reinforcement and con-
crete appears to be a reliable indicator for the extent of active corrosion along the rein-
forcement. To predict the interfacial damage due to load-induced cracking a mechani-
cal finite element model was used, which directly accounts for the impact of various 
parameters (e.g. concrete cover thickness, concrete composition, stress level in the 
reinforcement, and crack orientation) on the mechanical response (extent and magni-
tude of slip and separation between reinforcement and concrete). The developed finite 
element model, capable to describe the interfacial damage due to mechanical loading, 
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may be used to enhance present service life models providing valuable information on 
the risk for reinforcement corrosion based on a single reliable indicator. 

Although, very good agreements between experimental and numerical results were 
found in this study further investigations are needed. The penetration of solid corro-
sion products into cracks as well as dynamic loading are not dealt within the present 
model, which may alter the impact of cracking over time. 

5.2.3 Modelling corrosion-induced damages 

As a result of active reinforcement corrosion, solid corrosion products may form and 
lead to concrete cracking, spalling, and delamination. The formation and propagation 
of corrosion-induced damages can be modelled using finite element models based on 
fracture mechanics of concrete as previously shown, see e.g. [Alonso et al. 1998, Ba-
zant 1979, Chernin et al. 2010, Molina et al. 1993, Andrade et al. 1993, Val et al. 
2009]. A key parameter in modelling corrosion-induced damages is the corrosion ac-
commodation region (CAR) (also referred to as “diffusion” or “porous” zone), which 
has a major influence on the predicted time-to-crack initiation and the crack propaga-
tion behaviour [Liu et al. 1998, Caré et al. 2008, Val et al. 2009]. 

To simulate corrosion-induced concrete cracking a finite element based model was 
presented using a thermal analogy to describe the expansive nature of solid corrosion 
products. Possible formation of soluble corrosion products, such as iron-chloride 
compounds, is not included in the model. The model further assumed that solid corro-
sion products are uniformly deposited around the circumference of the reinforcement. 
In contrast to previous attempts, the description of the CAR is based on non-
destructive experimental observations by means of x-ray attenuation measurements. 
Results of x-ray attenuation measurements allowed for the development of a concept 
to describe the penetration of solid corrosion products into the available pore space of 
cementitious materials. The applicability of the developed model to accurately de-
scribe corrosion-induced cracking was shown comparing experimental data and nu-
merical predictions of accelerated corrosion tests. In combination with the corrosion 
model (providing information on the rate of formation of solid corrosion products), 
the cracking model holds the potential to describe corrosion-induced cracking in rein-
forced concrete members under varying exposure conditions.  

However, results of additional photogrammetric experiments clearly indicated that 
corrosion products form in a non-uniform manner around the circumference of the 
reinforcement. The non-uniform formation of corrosion products may have a consid-
erable impact on the time-to corrosion cracking and propagation of corrosion-induced 
cracking. Although, the developed model does not include non-uniform corrosion yet, 
adjustments may be made to study this phenomenon. 
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5.2.4 Service life model 

Due to increasing service life requirements for modern concrete structures (up to 100 
or even 200 years of expected service life), the design and dimensions (e.g. water-to-
cement ratio or concrete cover thickness) of reinforced concrete structures in aggres-
sive environments is at present mainly governed by durability issues. However, the 
design of reinforced concrete structures is typically realised using standards, codes or 
simply expertise, which are often based on oversimplified assumptions and do not ac-
count for important phenomena affecting the service life. This is mainly because tools 
for a quantitative service life prediction are lacking. In this thesis, a general frame-
work for the service life prediction of reinforced concrete associated with chloride-
induced corrosion was proposed. The model includes heat and mass transfer in porous 
media and electrochemical corrosion processes in cracked and uncracked reinforced 
concrete. The model further allows for subsequent mechanical analysis of corrosion-
induced damages. 

The potential use of the proposed model for the service life prediction of reinforced 
concrete was presented in Section 3.5, in which a simple beam geometry with and 
without a crack was studied. The coupled transport and corrosion model allowed for 
the simulation of initiation and propagation of chloride-induced corrosion in rein-
forced concrete. Further, the impact of cracks on the ingress of aggressive substances 
and the initiation and propagation of reinforcement corrosion could be clearly shown 
(see Figure 5.1). Hence, the proposed model can be used to predict the service life of 
reinforced concrete if a certain limit state, e.g. initiation of corrosion or certain cross 
sectional reduction, is set. Moreover, governing parameters controlling the corrosion 
process can be easily assessed with the proposed service life model and used in the 
design phase to optimise structures in terms of service life. For instance, the concrete 
resistivity has a considerable impact on the corrosion current density (see Figure 
3.15). Materials with supplementary cementitious materials are well known to have an 
increased resistivity [Larsen 2007], which can be beneficial in terms of service life as 
the corrosion current density may be considerable reduced. Furthermore, the model 
can be easily used to support maintenance planning of existing structures or to evalu-
ate repair methods, such as replacement of the concrete cover, as time-to corrosion 
initiation (see Figure 5.1) or subsequent corrosion-induced damages (see Figure 4.8) 
can be determined within acceptable limits. The model may be further used in a prob-
abilistic framework assessing the influence of varying geometrical or material proper-
ties. However, while the influence of varying geometrical parameters, such as varia-
tions in the concrete cover or position of reinforcement, may be easy to investigate, as 
the geometrical parameters can be considered independent of each other, investiga-
tions of variations in materials properties may be more difficult if not impossible to 
evaluate. For instance variations in the concrete mix design, may affect the micro-
structure, which is related to moisture fixation and transport and subsequently to 
transport of ions. The dependencies between these key parameters of service life 
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modelling should be investigated and evaluated before a probabilistic framework is 
used for service life prediction of reinforced concrete structures. 

 
Figure 5.1  Comparison between numerical predictions of cross sectional reduction in 

a cracked and uncracked beam (for a specific geometry and material 
properties (see Section 3.5)). 

5.2.5 Limit states for end of service life 

Limit states defining the end of service life for a structure are typically set by the 
owner and based on the criteria that the structure fulfils a certain functionality within 
the service life. Typical limit states are for instance the initiation of corrosion, the ap-
pearance of rust stains, the formation of corrosion-induced cracks or failure of the 
structure. While limit states, such as failure or corrosion-induced cracking are clearly 
visible and comparably easy to evaluate, initiation of reinforcement corrosion is much 
more difficult to determine by means of monitoring. Nevertheless, the most common 
limit state used by consultants and design engineers is depassivation/initiation of cor-
rosion, which in case of chloride-induced corrosion is associated with a critical chlo-
ride threshold. As illustrated in this Ph.D. work and presented in earlier work [Buen-
feld et al. 2004, Nygaard et al. 2005, Pease 2010] interfacial damages, such as de-
fects, voids, slip, and separation, have a considerable impact on the risk of corrosion 
initiation. In particular, in the presence of load-induced or shrinkage cracks, the con-
cept of a critical chloride threshold is not valid, as the protection by concrete is no 
longer given. Service life predictions with the presented numerical model and experi-
mental investigations on the ingress of aggressive substances and the corrosion pro-
cess in cracked concrete reinforced this hypothesis (see Figure 3.18, Figure 3.19, Fig-
ure 3.20, and Figure 3.28). Even in uncracked concrete, rather short service life pre-
dictions were obtained (see Figure 3.28 and Figure 5.1), when varying chloride 
thresholds along the reinforcement were included in the model (for the chosen model 
geometry and material properties). The assumption of varying critical chloride thresh-
olds along the reinforcement appears to be reasonable as interfacial voids or defects 
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along the reinforcement/concrete interface are inevitable (see Section 3.3.1). Hence, 
to obtain a defined limit state of 100 years or more, either the design of a reinforced 
concrete structure is to be changed, considerable maintenance and repair efforts are 
needed or acceptance of different limit states is required.  

Combining the corrosion-induced cracking model and predictions of the coupled 
transport and corrosion model allows for a description of the corrosion current density 
and subsequent formation of solid corrosion products. Both analyses may be used to 
determine an allowable corrosion-induced damage, which can be easily assessed by 
means of monitoring. Paper XIII introduces limit states for the service life of rein-
forced concrete structures in terms of allowable corrosion-induced damage. Consider-
able service times may thereby be gained allowing for minor corrosion-induced dam-
ages as presented in Paper XIII. 
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Chapter 6 

6Conclusions and recommendations for 
further work 
The main conclusions of this Ph.D. thesis are presented in the following. Conclusions 
are drawn for experimental work and the proposed framework for service life predic-
tion of reinforced concrete structures subjected to chloride-induced corrosion. In addi-
tion, recommendations for future work are given. 

6.1 Conclusions 
Transport of mass and heat in porous media 

Chapter 2 dealt with the heat and mass transport in porous media. A numerical model 
to describe the state and transport of various substances was presented taking into ac-
count the influence of temperature and chloride ions on the moisture state and 
transport. The model further included the impact cracks have on moisture ingress. 

From the work presented in Chapter 2 the following conclusion can be drawn: 

• The employed heat and mass transport model allows for the simulation of 
chloride ingress in concrete. Good correlations were found between experi-
mental observations and simulations on the ingress of chloride in a concrete 
wall element placed in the tidal zone of the Trondheim Fjord. 

• The impact of chloride ions on the moisture sorption can be described by Ra-
oult’s law. Good correlations were found between experimental data provided 
in the literature and Raoult’s law for chloride concentrations up to approxi-
mately 4.5 mol/L. 
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• The impact of temperature on the moisture state in cementitious materials can 
be determined using time domain reflectometry (TDR) measurements in com-
bination with multi-layer adsorption theory. 

Corrosion of steel in concrete 

Chapter 3 dealt with the numerical simulation of the corrosion process in reinforced 
concrete. A numerical model to describe the corrosion process of steel in concrete was 
presented taking into account the impact of various polarisation phenomena and the 
influence of bending cracks on corrosion initiation. 

From the work presented in Chapter 3 the following conclusion can be drawn: 

• Comparisons between experimental observations and numerical simulations 
showed that basic thermodynamic and kinetic principles can be used for the 
simulation of corrosion processes of reinforcement in concrete. 

• Experimental observations showed that the concrete-reinforcement interfacial 
condition can be used as an indicator to quantify the impact of mechanically 
induced cracks on the risk of corrosion initiation along the reinforcement. 

Corrosion-induced concrete damage 

Chapter 4 of this Ph.D. thesis dealt with corrosion-induced damages. A finite element 
based modelling approach was presented that allows for the simulation of corrosion-
induced deformations utilising a thermal analogy. The model further accounted for the 
penetration of solid corrosion products into cementitious materials. 

From the work presented in Chapter 4 the following conclusion can be drawn: 

• Comparisons between experimental and numerical results showed that the fi-
nite element based cracking model can be used to describe corrosion-induced 
deformations in reinforced cementitious materials. 

• The applied thermal analogy, to describe the expansive nature of solid corro-
sion products, can be used to mimic any solid corrosion product that is formed. 

• X-ray attenuation measurements can be used to obtain location- and time-
dependent information on the penetration of corrosion products into the avail-
able pore space/voids of cementitious materials. 

• Considerable service times can be gained (up to approximately 50 years de-
pending among others on the corrosion rate, material, and geometrical proper-
ties) allowing for minor corrosion-induced damages, i.e. corrosion-induced 
concrete cover cracking with crack width openings at the concrete surface of 
0.2 mm. 
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Service life prediction 

A numerical example was provided in Chapter 3 of this Ph.D. thesis to demonstrate 
the potential use of the proposed framework for service life prediction. In the exam-
ple, a simple beam geometry subjected to varying exposure conditions (i.e. tempera-
ture, moisture, and chloride) with and without a crack was studied. 

From the example the following conclusion can be drawn: 

• In combination with the heat and mass transport model, the corrosion model 
can be used to determine the time-to initiation and propagation of reinforce-
ment corrosion. To define the time-to reinforcement corrosion initiation a con-
ditional statement, e.g. critical chloride threshold or concrete carbonation, can 
be used. 

• Individual parameters (as well as coupling between individual parameters), 
e.g. temperature, moisture content, concrete resistivity, concrete cover thick-
ness, transport properties of various species, etc., affecting the corrosion pro-
cess can be investigated with the proposed framework and potentially used for 
design purposes estimating the service life of new structures, maintenance 
planning, and determination of the residual service life of existing structures. 

• Further coupling, i.e. combined analyses of ingress of aggressive substances, 
electrochemical, and mechanical processes, can be used to model corrosion-
induced concrete damages. 

• Similar to the combined transport and corrosion model, the influence of indi-
vidual parameters (as well as coupling between individual parameters), e.g. 
concrete cover thickness, rebar diameter, concrete tensile strength, concrete 
softening behaviour, porosity, etc., on the formation and propagation of corro-
sion-induced cracks can be investigated. 

6.2 Recommendations for further work 
Based on the findings and conclusions of this Ph.D. study, the following recommen-
dations for further work are listed: 

Transport of mass and heat in porous media 

Although, the capability of the heat and mass transport model to describe the moisture 
and chloride ingress behaviour in (cracked) cementitious materials could be shown 
further development is recommended.  

• To include potential changes in the microstructure due to the interaction of 
chloride (and other) ions with the solid phases of cementitious materials, more 
advance chloride binding models are needed. 
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• The impact of sorption hysteresis on the moisture state is not included in the 
present model, which may affect the moisture state and transport, and subse-
quently the transport of ions, thermodynamics, and kinetics of the electro-
chemical half-cell reactions. 

Corrosion of steel in concrete 

Despite the fact that, the results presented in Chapter 3 clearly indicate the potential of 
the model to describe the corrosion process in reinforced cementitious materials fur-
ther development is needed.  

• Future development is to include a more detailed thermodynamic description 
of the electrochemical half-cell reactions for the anodic and cathodic regions. 
So far, the model is limited to describe chloride-induced corrosion with prede-
fined anodic (oxidation of iron) and cathodic (reduction of oxygen) half-cell 
reactions. Although, these reactions are most typically found under natural ex-
posure conditions other half-cell reactions are certainly possible and must be 
taken into consideration for a complete evaluation of the corrosion process. 

• Further studies on the impact cracks have on the corrosion process in rein-
forced cementitious materials are needed. In particular, the self-healing of ce-
mentitious materials, penetration of solid corrosion products into cracks, and 
closure of cracks due to stress relaxation should be further investigated. These 
phenomena may hinder the transport of aggressive substance through the crack 
and slow down or even cease the corrosion process. 

Corrosion-induced concrete damage 

Although, comparisons between experimental and numerical results presented in 
Chapter 4 indicate that the model is capable describing corrosion-induced cracking in 
reinforced cementitious materials further development is needed.  

• In particular, experimental investigations conducted by means of digital image 
correlation indicate non-uniform corrosion-induced deformations and hence 
formation of corrosion products around the reinforcement circumference. The 
non-uniformity may have a considerable impact on the formation and propaga-
tion of cracks and must be further investigated. Further studies, may also focus 
on the potential formation of soluble corrosion products that may not precipi-
tate at the reinforcement steel interface. 

• Further development is to include, additional concrete damage types, i.e. con-
crete spalling and delamination, and the impact of corrosion on the bond 
strength between reinforcement and concrete (including different geometries 
e.g. more rebars and the influence of rebar spacing). Also, the extension of the 
corrosion-induced cracking model to 3D is recommended including infor-
mation on the initiation and propagation of active corrosion from the service 
life model presented in Section 3.5. 
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Abstract 
Although recognised, the influence of temperature on the moisture sorption of cement based materials is poorly 
investigated. In particular with respect to many deterioration mechanisms and moisture driven volume changes, an 
accurate determination of the amount of moisture is of major importance. In this study sealed concrete and calcium 
silicate specimens with constant moisture contents were subjected to varying temperatures and monitored by means of 
time domain reflectometry (TDR). The different dielectric constants of free and physically bound water allowed for 
tracking of changes of the moisture state in the specimens. 

The results of the TDR measurements in combination with multilayer adsorption theory were used to model the impact 
of temperature on the amount of adsorbed water in cement based materials. Comparison of predicted and measured 
water vapour sorption isotherms presented in the literature for concrete, mortar, and cement paste coincided for 
moisture contents up to approximately 75 % RH.  

Keywords: Temperature; Physical Properties; Transport Properties; Concrete; Modeling 

  



1 Introduction 
A number of service life models (e.g., fib [1,2] and Life-365 [3,4]) have been developed to address 
durability issues of reinforced concrete structures and provide tools to estimate the length of time 
during which a desired level of functionality is maintained. In particular, an accurate determination 
of the moisture transport and the state and amount of moisture in (reinforced) concrete structures is 
of major importance for prediction of many deterioration mechanisms [5] and moisture induced 
volumes changes.  

In the hygroscopic range, the state of moisture is either adsorbed (bound) or capillary condensed 
(free). Although recognised, the influence of temperature on the moisture sorption of cement based 
materials is poorly investigated. Gravimetrical sorption measurements of cement based materials 
are very time consuming and only a limited amount of experimental studies can be found in the 
literature on the impact of temperature, see e.g. [6-12]. Among the few experimental studies, Radjy 
et al. [9] investigated one year old water-cured hardened cement paste sample with a water-to-
cement ratio (w/c) of 0.5 for temperatures between 0 and 40 °C as well as approximately 2 years old 
(steam-cured) hardened cement paste samples with w/c of 0.35 and 0.45 for temperatures between 0 
and 60 °C. Within the investigated temperature range, a limited influence of the temperature on the 
moisture sorption (for both steam and water-cured specimens) was observed by Radjy et al. [9], 
which could be described by the enthalpy of adsorbed water. In general, it was observed that with 
increasing temperature the moisture content in the hygroscopic region was decreased. These 
observations are in good agreement with results presented in [11,12].  

Considerable higher impacts of temperature on the moisture sorption of cement based materials 
were observed in other studies, see e.g. [6-8,10]. Hundt and Kantelberg [10] investigated the impact 
of temperature on the moisture sorption for 3.6 year old concrete specimens with a w/c of 0.565 and 
0.575 at four different temperatures (20, 45, 57.5 and 70 °C). Furthermore, results were presented in 
[10] for mature mortar specimens with a w/c of 0.5 and hardened cement paste with w/c of 0.4, 
0.45, 0.5 and 0.55. Selected results from [10] are reproduced and presented in Figure 1. For all 
materials described in [10] a similar impact of the temperature on the moisture sorption can be seen; 
as temperature is increasing, the moisture content is decreasing in the hygroscopic range. A 
comparison between the experimental studies presented in [6,7,10] and [9,11,12] is given in Figure 
2. The results are presented as change in relative humidity per degree Celsius against the relative 
humidity at reference temperature. It can be seen from the data presented in Figure 2 that for higher 
relative humidities (above approximately 80%) similar results are obtained for all experimental 
data, however, for lower relative humidities the impact of temperature is considerably higher for the 
data presented in [6,7,10]. While thermodynamics (enthalpy) of sorption could be used successfully 
to describe the impact of temperature in [9], only a limited applicability of the enthalpy of sorption 
is found for experimental data presented in [6-8,10] (see Figure 2). Therefore, the present study 
focuses on the experimental data presented in [6-8,10]. Figure 3 illustrates the relative change in 
moisture content (compared to the reference temperature of 20°C). The results show that for the 
investigated temperatures the relative change in moisture content was very similar for all 
investigated materials in [10], i.e. concrete, mortar and cement paste with varying w/c ratios. This 
indicates that a common physical phenomenon is related to the process.  

In the present study sealed concrete and calcium silicate specimens with constant moisture contents 
were subjected to various ambient temperatures and monitored by means of time domain 
reflectometry (TDR). TDR was originally developed to detect defects in telecommunication cables 
and electrical wires [13]. More recently, the TDR technique was applied to other porous media, 
such as soil or masonry, to determine and monitor moisture contents [14-16]. Advantages of the 
TDR technique include the high spatial resolution, the non-destructive nature of the measurement 
technique, the general applicability (in-situ as well as laboratory), and the high precision and 
stability. The high precision and stability of the TDR technique allow for determination of very 
small changes in moisture contents (0.01 cm3/cm3). This in combination with the different dielectric 



constants of free and physically bound water is used in the present study to track changes in the 
amount of adsorbed water in specimens subjected to temperature variations. 

  
(a) (b) 

  
(c) (d) 

Figure 1: Sorption isotherms for concrete (a), mortar (b) and cement paste (c und d) at various temperatures 
(reproduced from data presented in [10]). 

 
Figure 2: Change in relative humidity per degree of Celsius against relative humidity at reference 

temperature for various materials from [6-12] (reproduced from data presented in [9,11,12] and [6,7,10]). 
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Figure 3: Relative change in moisture content for all materials presented in [10] (note: experimental data is 

illustrated by markers, solid lines are only for visual support; reference temperature 20oC). 

2 Experimental studies 

2.1 Materials and specimen preparation 
Aalborg Rapid® Portland cement (Type 52.5N cement [17]) was used. The mix contained 375 
kg/m3 cement, 760 kg/m3 fine aggregates (0 - 4 mm), 56 kg/m3 aggregates (4 - 8 mm), 1025 kg/m3 
coarse aggregates (8 - 16 mm) (in accordance with [18]), and had a water-to-cement ratio (w/c) of 
0.42. After casting the specimens were stored for 24 hours under a plastic sheet in laboratory 
conditions (i.e., 20 ±2 °C) and were then demolded. Upon demolding, the specimens were stored in 
saturated lime water for additional 2 days at 20 ±2 °C. At the age of 3 days, 2 holes (each with a 
diameter of 2 mm) were drilled in each specimen to insert a TDR probe and filled with cement paste 
(w/c 0.42). Subsequently, the specimens were again stored for 28 days in saturated lime water at 20 
±2 °C. Finally, all specimen surfaces were sealed, the top surface with epoxy resin and the 
remaining surfaces with multiple layers of aluminium tape to maintain the moisture content of the 
specimens throughout the experimental procedure. The final moisture content was measured after 
termination of the experimental investigations by means of the weigh-dry-weigh method (oven 100 
°C) and corresponded to a relative humidity (RH) of 98 % (determined from conventional 
gravimetrical sorption measurements). 

Figure 3 illustrates a finalized specimen as well as a sketch of a specimen with a TDR probe and the 
volume of material that is influenced by the TDR measurements, which is depended on the TDR 
probe geometry. In the present study a 2 wire probe was used, for which the volume of interaction 
can be assumed to be twice the distance between the wires of the probes [19], i.e. a cylinder with 
the length of the probe (120 mm) and a diameter of 40 mm. More detailed information on the 
interaction between the investigated material and the TDR probe geometry can be found in e.g. 
[19]. 

In addition to the concrete specimens, calcium silicate specimens with TDR probes were prepared. 
In contrast to the concrete specimens, the TDR probes were pushed in the calcium silicate 
specimens and stored for 28 days at 50 ±5 % RH. Finally, all surfaces were sealed in the same way 
as the concrete specimens. 
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(a) (b) 

Figure 4: (a) Sealed specimen with TDR probe and (b) sketch of a specimen indicating two-wire TDR probe, 
drilled holes filled with cement paste as well as aluminium and epoxy resin surface sealing. The interacting 
volume is indicated by the broken line (Please note: Sketch is not in scale). 

2.2 Testing procedure 
The experimental set up used in the present study is illustrated in Figure 4 and consisted of the 
sealed specimens with TDR probes, TDR monitoring equipment and a temperature controlled unit 
(accuracy ±1 °C). Throughout the experimental studies the prepared and sealed specimens were in a 
temperature controlled chamber subjected to various ambient temperatures, in the range from 20 °C 
to 50 °C. The temperature in the chamber was changed by 1 °C every four hours to allow for the 
samples to equilibrate with the ambient temperature. One complete cycle of temperature change 
took 124 hours. During this time automatic TDR measurements of the concrete and calcium silicate 
samples were taken every 30 minutes. The cycle of measurement was repeated four times to 
investigate the stability of the readout from each sample and to confirm that the sample properties 
did not change during the heating and cooling cycles. 

 
Figure 5: Experimental set up for TDR measurements illustrating the sealed specimens, TDR monitoring 

equipment and temperature controlled chamber. 
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3 Time domain reflectometry (TDR) 

3.1 Physical basis 
The dielectric permittivity of a material can be calculated from the travel time of an electric pulse in 
the material. And the travel time can be measured by the time domain reflectometry (TDR), i.e. 
measurement of a reflected pulse delay with respect to the incident pulse. The delay of the pulse 
depends linearly on the square root of dielectric permittivity, εr, of the investigated material [19] 

 �𝜀𝑟 =
𝑐𝑡
2𝐷

 Eq. (1) 

where 𝑐 is the speed of light, 𝑡 the travel time of the pulse measured by TDR and 2𝐷 the length of 
the pulse travel within the investigated material.  

If the travel time of the pulse for a given distance is known, the dielectric permittivity of the 
investigated material can be calculated according to Eq. 1. TDR allows for measurements of the 
pulse travel time within the range of a few picoseconds accuracy by interpretation of the reflected 
pulses visible on the trace of the probes in the material. This corresponds to tenths of percent of 
volumetric water content.  

A typical probe signal with characteristic features for the investigated concrete specimens is shown 
in Figure 5. At (a) (see Fig. 5) a distinct minimum in the amplitude can be seen representing a time 
marker to measure the delay time of the further reflected pulse. Afterwards a maximum (b) (see Fig. 
5) in the amplitude can be observed, which represents the reflected pulse at the beginning of the 
investigated material and a second maximum (c) (see Fig. 5), which is the reflection from the end of 
the probe.  The measurement time is equal to the delay of the second maximum with respect to the 
first maximum, which varies according to the dielectric permittivity of the investigated material. 

 
Figure 6: Typical TDR probe trace obtained from concrete specimen. 

The reflection coefficient, 𝑅12, for the pulse at the entrance of the investigated material can be 
given as follows 
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 𝑅12 =
𝑧2 − 𝑧1
𝑧2 + 𝑧1

 Eq. (2) 

where 𝑧1 is the impedance of the long line [19] where the pulse actually travels and 𝑧2 the 
impedance of the line where the pulse enters. The value of the impedance 𝑧1is constant for a given 
probe configuration while the value of the impedance 𝑧2 depends on the properties of the 
investigated material and probe geometry. For a two wire TDR probe, as used in the present study 
(see Fig. 3 (b)), the impedance 𝑧2 may be calculated as follows 

 𝑧2 =
𝑧02
√𝜀𝑟

 Eq. (3) 

where 𝑧02 is the characteristic impedance of the probe surrounded by air. 𝑧02 depends only on the 
geometry of the probe and not on the dielectric permittivity of the investigated material. For a two 
wire probe the characteristic impedance can be determined as follows 

 𝑧02 = 120 𝑙𝑛 �
𝑙
𝑟

+ ��
𝑙
𝑟
�
2

− 1� Eq. (4) 

where 𝑙 is half the distance between the probe rods and 𝑟 the rod radius. For the present TDR probe 
geometry 𝑧02 = 307 Ω and 𝑧1 = 50 Ω. As 𝑧2 > 𝑧1, the reflected pulse will have a positive amplitude, 
marked as (b) in Figure 5. Assuming an incident pulse with the amplitude 𝐴0, the amplitude of the 
first reflected pulse, 𝐴1, which can be observed at the receiver, can be determined as follows 

 𝐴1 = 𝐴0𝑅12 Eq. (5) 

Combining Eq. 2 and Eq. 3 yields Eq. 6 allowing for the determination of the reflected pulse 𝐴1 as 
a function of dielectric permittivity of the investigated material 

 𝐴1 = 𝐴0
𝑧02 − 𝑧1√𝜀𝑟
𝑧02 + 𝑧1√𝜀𝑟

 Eq. (6) 

3.2 Mixture theory and temperature dependence 
A number of mixture models can be found in the literature to describe the dielectric permittivity of 
porous materials, an overview of various models proposed can be found e.g. in [19].  In general, all 
models can be represented in the following form 

 𝜖𝑎𝑝𝑝 = 𝐹(𝜖𝑖,𝑥𝑖) Eq. (7) 

where, 𝜖𝑎𝑝𝑝 is the apparent (effective) value of the dielectric permittivity of the mixture, 𝜖𝑖 is the 
dielectric permittivity of the i-th constituent and 𝑥𝑖 is the volume fraction of the i-th constituent. 
Assuming a temperature dependent behaviour of all volume fractions considered as well as the 
corresponding dielectric permittivity’s Eq. (7) yields (assuming a closed system) 

 𝜖𝑎𝑝𝑝(𝑇) = 𝐹(𝜖𝑖(𝑇),𝑥𝑖(𝑇)) Eq. (8) 



The effective value of the dielectric permittivity might be approximated with a truncated Taylor 
series assuming small temperature variations 

 𝜖𝑎𝑝𝑝(𝑇) ≅ 𝐹�𝜖𝑖(𝑇0), 𝑥𝑖(𝑇0)� +
𝑑𝐹�𝜖𝑖(𝑇0),𝑥𝑖(𝑇0)�

𝑑𝑇
∆𝑇 Eq. (9) 

Reformulation of the second term in Eq. (9) yields 

 
𝑑𝐹�𝜖𝑖(𝑇0),𝑥𝑖(𝑇0)�

𝑑𝑇
= �

𝜕𝐹�𝜖𝑖(𝑇0),𝑥𝑖(𝑇0)�
𝜕𝜖𝑖𝑖

𝑑𝜖𝑖
𝑑𝑇

+
𝜕𝐹�𝜖𝑖(𝑇0),𝑥𝑖(𝑇0)�

𝜕𝑥𝑖
𝑑𝑥𝑖
𝑑𝑇

 Eq. (10) 

with  �
𝑑𝑥𝑖
𝑑𝑇

= 0 Eq. (11) 

For the given assumptions, i.e. small temperature variations within the volume fractions, any 
theoretical mixture formula can be considered in a simplified, linear form, which is form dependent 
on the applied theoretical mixture formula 

 ∆𝐹�𝜖𝑖(𝑇0),𝑥𝑖(𝑇0)� = ∆𝑇 ��𝐹𝜖𝑖  
𝑖

𝑑𝜖𝑖
𝑑𝑇

+ 𝐹𝑥𝑖
𝑑𝑥𝑖
𝑑𝑇

� Eq. (12) 

with  
𝐹𝜖𝑖  

=
𝜕𝐹�𝜖𝑖(𝑇0),𝑥𝑖(𝑇0)�

𝜕𝜖𝑖
 and 

𝐹𝑥𝑖

=
𝜕𝐹�𝜖𝑖(𝑇0),𝑥𝑖(𝑇0)�

𝜕𝑥𝑖
 Eq. (13) 

where 𝐹𝜖𝑖 and 𝐹𝑥𝑖 can be considered constant without a major loss of accuracy.  

The factors  𝑑𝜖𝑖 𝑑𝑇⁄  and 𝑑𝑥𝑖 𝑑𝑇⁄  are material properties that depend on the type of constituent in 
the mixture as well as their temperature properties, and thus can be fit to experimental data. In 
particular, the volume fractions of physically bound (adsorbed) and free (capillary condensed) water 
in the mixture were of interest in the present study. 

3.3 Water content measurements with TDR in porous media 
The apparent dielectric permittivity is a function of the dielectric properties of the mixture volume, 
i.e. solid, liquid and gaseous phases, the TDR probe is installed in. To determine the volumetric 
water content of a porous medium the relation between the measured apparent dielectric constant 
and the moisture content must be known. A number of such relations have been proposed and can 
be found in the literature, e.g. [20-23]. In general, the proposed mixing models can be divided into 
models based on the mixture theory, see e.g. [14,24,25] and empirical models [15,26,27]. 

For the present study a mixing rule proposed in [14] is used to investigate the moisture state in the 
specimens tested. The approach describes the apparent dielectric constant as a function of four 
phases, i.e. the solid phase, the gaseous phase, and the liquid phase, which is further divided into a 
free (capillary condensed) and physically bound (adsorbed) water phase. 

 𝜀𝑎𝑝𝑝 = �(𝜃−𝜃𝑏𝑤)𝜀𝑓𝑤
𝜂 + 𝜃𝑏𝑤𝜀𝑏𝑤𝜂 + (1 − 𝜑)𝜀𝑠𝜂 + (𝜑 − 𝜃)𝜀𝑎

𝜂�
1 𝜂⁄

 Eq. (14) 

with 𝜃𝑏𝑤 = 𝑙𝑛𝑎𝑤𝑆𝑒𝑓𝑓𝛿𝐻2𝑂 Eq. (15) 



In Eq. (14) εapp is the apparent dielectric constant of the mixture, θ the total moisture content in 
g/cm3, θbw the amount of physically bound water in g/cm3, εfw the dielectric constant of free water, 
εbw the dielectric constant of physically bound water, εs the dielectric constant of the solid matrix, εa 
the dielectric constant of the gaseous phase, φ the porosity present in the mixture, lnaw the number of 
adsorbed monomolecular water layers, Seff the specific surface area, and δH2O the statistical average 
thickness of one monomolecular water layer. The parameter η describes the orientation of the 
layered system. Values between 1 (electrical field is parallel to layering) and -1 (electrical field is 
perpendicular to layering) were identified in literature, see e.g. [28]. 

Due to the high binding forces (van der Waal’s forces), between the inner surface and physically 
bound (adsorbed) water, the dielectric properties of the physically bound water vary significantly 
from the dielectric properties of free water (see Table 1). This phenomenon is used to determine the 
amount of free and physically bound water in the specimens under varying ambient temperatures 
while the total moisture content is kept constant. Furthermore, it was assumed that within the range 
of applied temperatures the dielectric properties of the gaseous and solid phase do not show a 
temperature dependent behaviour [29], and that the volume fractions of the constituents (i.e. solid 
and porous phase as well as the total amount of water present in the mixture) stay constant 
throughout the experiment, which was confirmed by weight measurements. Based on the 
assumptions presented in Section 3.2 and assuming that only 𝜀𝑓𝑤 and  𝜃𝑏𝑤 vary with temperature, 
Eq. (14) may be reformulated to describe variations of the apparent dielectric constant of the 
mixture with temperature: 

 ∆𝜀𝑎𝑝𝑝 =
1
𝜂
𝜀𝑎𝑝𝑝
1−𝜂 �𝜂(𝜃−𝜃𝑏𝑤)𝜀𝑓𝑤

𝜂−1 𝑑𝜀𝑓𝑤
𝑑𝑇

+ �𝜀𝑏𝑤𝜂 − 𝜀𝑓𝑤𝜂�
𝑑𝜃𝑏𝑤
𝑑𝑇

�∆𝑇 Eq. (16) 

To describe the impact of temperature on the dielectric constant of free water Eq. (17) [30] was 
used, which can be written as follows (reference temperature of 25 °C). 

 𝜀𝑓𝑤 = 78.54(1 − 4.579 ∙ 10−3∆𝑇 + 1.19 ∙ 10−5∆𝑇2 − 2.8 ∙ 10−5∆𝑇3) Eq. (17) 

4 Results 

4.1 Change in dielectric permittivity of the mixture 
Figure 6 illustrates the experimentally measured apparent dielectric constant of the concrete and 
calcium silicate specimens as a function of temperature. It can be clearly seen that the dielectric 
properties of the materials differ. The apparent dielectric constant of concrete is more than twice as 
high as the one for the investigated calcium silicate. Furthermore, the dielectric properties of the 
concrete specimen show a pronounced temperature dependence (see Fig. 6 (a)). Within the 
investigated temperature range, the apparent dielectric constant of the concrete specimens is around 
8% higher for 50 °C compared to the dielectric constant at 20 °C. The results of the experimentally 
measured apparent dielectric constant of calcium silicate show no major dependence on the 
temperature (see Fig. 6 (b)).  

Similar observations were made for different soil types subjected to varying temperatures, see e.g. 
[31,32]. The behaviour observed for the concrete specimens might be explained by a change in the 
amount of free and physically bound water fractions (see Eq. (14)) and the assumptions presented in 
Section 3.2. For further interpretations, only the results of the investigated concrete specimens were 
dealt with as the temperature dependent behaviour was not observed for the calcium silicate 
specimens. 



  
(a) (b) 

Figure 7: Measured apparent dielectric constant as a function of temperature for concrete (a) and calcium 
silicate (b). 

4.2 Determination of physically bound water fraction and impact of temperature 
Equation (14) was used to determine the amount of free (capillary condensed) and physically bound 
(adsorbed) water in the concrete specimens as a function of the measured apparent dielectric 
constant. An overview of the parameters used in Eq. (14) is given in Table 1. The total moisture 
content was measured by means of the weigh-dry-weigh method (oven 100 °C) of capillary 
saturated samples. Values for the dielectric constant of the gaseous and solid phase were taken from 
literature, see e.g. [28,33]. The dielectric constant of physically bound water was determined from 
the experimentally measured apparent dielectric constant of the mixture at the reference 
temperature, i.e. 20 °C. The parameter η was determined to be 0.56, which is in good agreement 
with values reported in the literature for isotropic materials [14,24], while the porosity of the 
mixture was determined to be 0.106. Both parameters, i.e. η and the porosity, were also determined 
from the experimentally measured apparent dielectric constant of the mixture at the reference 
temperature. 

The impact of temperature on the calculated amount of physically bound water present in the 
concrete specimens is given in Figure 7 (a). In addition, the experimentally measured and fitted 
apparent dielectric constants (Eq. (14)) of the mixture are presented in Figure 7 (b). It is evident 
from obtained results (see Figure 7 (a)) that the physically bound water fraction in the concrete 
specimens is decreasing with increasing temperature. Extrapolation of the obtained relation between 
temperature and amount of physically bound water yields zero at 100 °C, which is in agreement 
with experimental observations, i.e. all adsorbed water is released. Furthermore, similar water 
content fractions, i.e. capillary water and (physically) bound water, were measured by [34] for the 
reference temperature of 20 °C. In addition, the number of adsorbed monomolecular water layers, 
lnaw, as a function of the investigated temperature is given in Fig. 7 (c). For the determination of lnaw 
Eq. (15) was used with a specific inner surface of 35.48 m2/g (determined from water vapour 
sorption experiments) and a statistical average thickness of one monomolecular water layer of 3.04 
Å. 
Table 1: Parameters for mixing theory model (Eq. (14)) to determine the amount of physically bound water. 

Parameter Symbol Value Unit 
Total moisture content  Θ 0.045 [g/cm3] 
Volume fraction of physically bound water at reference 
temperature 

θbw,20 0.044 [g/cm3] 

Volume fraction of free water at reference temperature θfw,20 0.001 [g/cm3] 
Dielectric constant of free water εfw Eq. 16 [-] 
Dielectric constant of solid matrix εs 3.75 [-] 



Dielectric constant of the gaseous phase εa 1 [-] 
Dielectric constant of physically bound water εbw,20 2.1 [-] 
Porosity φ 0.106 [-] 
Semi-empirical η 0.56 [-] 

 

  
(a) (b) 

 
(c) 

Figure 8: (a) Amount of physically bound and total water content in concrete specimens as a function of 
temperature determined with Eq. (14), (b) experimentally measured and fitted apparent dielectric constant 
and (c) number of adsorbed water layers as a function of temperature. 

5 Discussion and interpretation of results 
Experimental investigations of sealed concrete specimens with known moisture contents subjected 
to various temperatures revealed a temperature dependent behaviour of the specimens. 
Measurements of the apparent dielectric constant of the mixture by means of TDR indicated an 
increase in the dielectric constant, which is directly related to the moisture content (see Eq. (14)).  

Similar observations were made by [29,31,32,35] for different soil types subjected to varying 
temperatures and known water contents. Depending on the amount of free (capillary condensed) 
and physically bound (adsorbed) water present in the specimens, either an increase or decrease in 
the apparent dielectric constant of the mixture was measured. For soils with a high content of free 
water a decrease in apparent dielectric constant was measured for the mixture with increasing 
temperature and vice versa for soils with a large amount of physically bound water. According to 
[29,31,32,35], the behaviour can be explained by the impact of two competing phenomena on the 
apparent dielectric constant of the mixture with increasing temperature. On the one hand, the 



dielectric constant of free water is decreasing with increasing temperature as shown in e.g. 
[30,36,37] (see Eq. (16)). On the other hand, the temperature increase induces kinematic energy 
allowing for a change of physically bound water into free water resulting in an increase in the 
apparent dielectric constant of the mixture. Physically bound water is strongly fixed to the solid 
surfaces resulting in a significantly lower dielectric constant compared to free water, as the 
physically bound water is released the hindered movement of the physically bound water molecules 
is vanished resulting in the same dielectric properties of free water.  

This effect (release of physically bound water due to an increased temperature) may be used to 
determine the impact of temperature on the moisture sorption of cement based materials assuming 
that: 

1. The amount of physically bound water is significanly higher than the amount of free water 
for the complete relative humidity (RH) range. 

2. The release of physically bound water is independent of the RH. 
3. The average thickness of the adsorbed water layer is known in the relevant RH range (for a 

reference temperature). 
4. The specific surface area of the investigated material is known. 

Baroghel-Bouny investigated water vapour sorption isotherms of well cured samples with various 
concrete types and hydrated cement pastes with varying binder compositions [5]. Among others, 
Baroghel-Bouny investigated the average statistical thickness of the adsorbed water on the solid 
phase (which can be obtained from the adsorbed moisture volume and the specific surface area of 
the investigated material) and compared the results to the ‘‘t-curve’’ proposed by Hagymassy et al. 
[38] for non-porous adsorbents. The comparison revealed a very good agreement up to 63% RH for 
all investigated materials. Baroghel-Bouny concluded that for all investigated materials the increase 
in water content is statistically equivalent to an increase in adsorbed multilayer water molecules on 
the solid phase up to a RH of 63%. For RH above 63% the determined average statistical thickness 
of adsorbed water is deviating from the “t-curve”. Deviations were attributed to either capillary 
condensation (adsorbed moisture volume lies above the “t-curve”) or limited pore sizes hindering 
the build-up of additional adsorbed monomolecular water layers (adsorbed moisture volume lies 
below the “t-curve”). However, the deviation from the “t-curve” was small for all investigated 
materials, indicating that the amount of free water was low compared to the amount of physically 
bound water.  

The “t-curve” determined by Hagymassy et al. is illustrated in Figure 8 along with the calculated 
average statistical thickness of the adsorbed water layer of selected materials presented in [10]. 
Similar to the results presented by Baroghel-Bouny in [5], a very good agreement with the “t-curve” 
proposed by Hagymassy et al. [38] can be seen for all materials up to approximately 75 % RH. The 
results indicate that for the materials described in [10], the increase in water content at increasing 
RH can be described by the theory of multilayer water adsorption on solid phases up to a RH of 
approximately 75 %. For RH above approximately 75 % the “t-curve” was overestimating the 
moisture content, which may be attributed to limited pore sizes as mentioned before. Nevertheless, 
to model the impact of temperature on the moisture sorption in the present study the “t-curve” 
proposed by Hagymassy et al. [38] was used for the complete moisture range, which is expected to 
result in an overestimation of the impact of temperature on water content for RH above 
approximately 75 %. 



 
Figure 9: Comparison between the average statistic number of adsorbed water layers for various materials 
presented in [10] and the “t-curve” presented in [38]. 

The proposed scheme to model the influence of temperature on the physically bound (adsorbed) 
water of cement based materials is given in Figure 9. Initially, results of the TDR measurement are 
used along with the “t-curve” proposed by Hagymassy et al. [38] to describe the general impact of 
temperature on the number of adsorbed monomolecular water layers. Conventional gravimetrical 
sorption measurements at a reference temperature provide information on the specific surface area 
of the investigated material. Finally, the specific surface area (determined at a reference 
temperature) along with the results of the TDR measurements and the “t-curve” are used to model 
water vapour sorption isotherms of the investigated material at various temperatures. To determine 
the specific surface area of the different materials the excess surface work model proposed by [39] 
may be used. 

The calculated specific surface areas for all materials are given in Table 2 using the water vapour 
sorption isotherms determined at 20 °C [10]. However, it should be mentioned that for the 
determination of the specific surface area a stable porous matrix was assumed, i.e. irreversible 
effects altering the specific surface area, see e.g. [5,40], are not taken into account. Results of the 
modelled and experimentally obtained water vapour sorption isotherms are presented in Figures 10, 
11 and 12 for concrete, mortar and cement paste. As mentioned earlier, the impact of temperature 
on the capillary condensed water is not considered in the model and the possible capillary 
condensed water is treated as adsorbed water, which leads to a possible overestimation of the 
impact of temperature on the water content above approximately 75 % RH.  

As expected, a good agreement between modelled and experimental results was found for RH up to 
approximately 75 % for all materials. For the concrete investigated in [10] (see Fig. 10), the 
comparison between modelled and experimental water vapour sorption isotherms revealed a very 
good agreement for the complete hygroscopic moisture range and all temperatures. Especially, for 
higher temperatures an almost perfect agreement between modelled and experimental results was 
found.  
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Figure 10: Proposed model scheme to predict the impact of temperature on the moisture sorption of cement 
based materials. 

Figure 11 illustrates the experimental and modelled results for mortar. Up to approximately 75 % 
RH a very good agreement between the experimental and modelled results was found for the 
reference temperature (20 °C / 293.15 K). As mentioned earlier, the overestimation of the water 
content for RH above 75 % at the reference temperature is most likely attributed to limited pore 
sizes hindering the build-up of additional adsorbed monomolecular water layers (see Fig. 8). 
However, with increasing temperature, good correlations between the experimental and modelled 
results can be also seen for RH above 75 % indicating that the water uptake can be described by 
multilayer adsorption theory. Similar observations can be seen for the experimental and modelled 
water vapour sorption isotherms of cement paste presented in Figure 12 for different temperatures. 

Table 2: Specific surface areas of various materials presented in [10] calculated by means of the excess 
surface work model presented in [39]. 

Material w/c 
[-] 

Specific surface area 
[m2/g] 

Concrete 0.565 38 
0.575 46 

Mortar 0.5 84 

Cement paste 

0.4 267 
0.45 266 
0.5 272 
0.55 270 
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Figure 11: Comparison between modelled (lines) and experimental (markers) sorption isotherms at various 

temperatures for concrete with a w/c of 0.565 presented in [10]. 

 
Figure 12: Comparison between modelled (lines) and experimental (markers) sorption isotherms at various 

temperatures for mortar with a w/c of 0.5 presented in [10]. 

 
Figure 13: Comparison between modelled (lines) and experimental (markers) sorption isotherms at various 

temperatures for cement paste with a w/c of 0.4 presented in [10]. 



6 Conclusions 
In the present study, sealed concrete and calcium silicate specimens with constant water contents 
were subjected to varying temperatures and monitored by means of time domain reflectometry 
(TDR). Results of the TDR measurements showed a temperature dependent behaviour for the 
investigated concrete samples, i.e. an increase in apparent dielectric constant of the mixture 
corresponding to an apparent increase in moisture content. Similar observations were earlier 
reported for certain soil types. The increase in apparent dielectric constant of the mixture is a result 
of two competing phenomena related to the temperature changes; a decrease in dielectric constant 
of free (capillary condensed) water and induced kinematic energy as the temperature increases 
resulting in a release of physically bound (adsorbed) water. Results illustrated in the present study 
indicate that the TDR measurements can be used to determine the impact of temperature on the 
water vapour sorption isotherm of a given cement based material. To determine the impact of 
temperature, results of TDR measurements in combination with the average number of adsorbed 
water layers can be used. The specific surface area can be determined from conventional sorption 
measurements and the average number of adsorbed water layers can be determined from the so 
called “t-curve” at a reference temperature. 

Comparisons between modelled and experimental water vapour sorption isotherms from the 
literature showed a very good agreement for all investigated cement based materials up to 
approximately 75 % RH at 20 °C, which is the RH range in which the water uptake is described by 
multilayer adsorption theory. Deviations for higher RH are most likely attributed to limited pore 
sizes hindering the build-up of additional adsorbed monomolecular water layers. Further studies are 
required to investigate the observed phenomena, i.e. a release of physically bound water at 
increased temperature, for different water contents to reinforce the hypothesis that TDR 
measurements can be used to describe the impact of temperature on the sorption behaviour of 
cement based materials. 
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ABSTRACT  
 
This paper introduces a numerical model for ingress in cracked steel fibre reinforced concrete. 
Details of a simplified crack are preset in the model’s geometry using the cracked hinge model 
(CHM). The total crack length estimated using the CHM was, based on earlier work on 
conventional concrete, considered to have two parts; 1) a coalesced crack length which behaves 
as a free-surface for moisture ingress, and 2) an isolated microcracking length which resists 
ingress similarly to the bulk material. Transport model results are compared to experimental 
results from steel fibre reinforced concrete wedge splitting specimens conditioned to 50% 
relative humidity, cracked to varying crack geometries, and exposed to liquid water. Water 
sorption was monitored by recording x-ray attenuation images over time. Comparisons of results 
indicate the simplified crack geometry can accurately assess the impact cracks have on moisture 
ingress. Results from the transport model indicate the length of the isolated microcracks was 
approximately 19 mm for the investigated concrete composition. 
 
Key-words:  X-ray attenuation; numerical model; cracks; moisture ingress  
 
 
INTRODUCTION 
 
Several service life models (e.g., fib [1,2] and Life-365 [3,4]) have been developed to provide 
tools to estimate the length of time during which a reinforced concrete structure maintains a 
desired level of functionality. Fig. 1 illustrates the typical approach utilized by these models, 
initially developed by Tuutti in [5]. Two phases comprise the service life of a structure (Fig. 1); 
1) the initiation phase when aggressive substances penetrate into the concrete cover, eventually 
causing, e.g. initiation of reinforcement corrosion (illustrated by a lower rate of deterioration in 
Fig. 1), and 2) the propagation phase when continued reinforcement corrosion-induced damage 
causes the increased rate of deterioration. Certain service life models consider the propagation 
phase (e.g., Life-365), although only as a fixed length of time [4]. More typically the end of the 
initiation phase, here corrosion initiation, marks the end of the service life and the propagation 
phase is ignored as indicated by the blue dot in Fig. 1. Fig. 1 also presents a modified service life 
modelling approach, similar to the approach suggested by Tuutti [5], which considers the impact 
of concrete cracking, caused by hygral/thermal shrinkage, self-weight and construction loads, 



etc., on the service life of concrete structures. Hence, this modified approach takes into account 
more realistic initial conditions of concrete structures, as indicated by the imperfect structural 
condition at the beginning of the structure’s lifetime (broken red line in Fig. 1). Concrete cracks 
facilitate rapid local ingress of aggressive substance regardless of the controlling ingress 
mechanism(s) [6-11], and cause potentially drastic reductions in the time to corrosion initiation 
[12-14]. Active corrosion has commenced after only weeks under experimental conditions [12-
14] and within one year under field conditions [15]. Therefore, the propagation phase must be 
included in service life models, as indicated by the red block in Fig. 1, to represent realistic 
scenarios for reinforced concrete structures. Extensive experimental and modelling work has 
been conducted concerning deterioration during corrosion propagation, including reduced 
capacity due to reinforcement cross-section reduction [16] and corrosion-induced damage to 
covering concrete [17-20]. Nevertheless, several key issues remain that must be included in 
service life modelling, including but not limited to quantifying and modelling the impact cracks 
have on ingress and corrosion as well as accurate models for corrosion-induced damage during 
the propagation phase of corrosion to determine acceptable limits of deterioration causing 
(‘safe’) structural damage. 
 
This paper presents a combined experimental and modelling investigation on one key issue 
discussed above, the impact of cracks on ingress behaviour. Concrete cracks typically have 
complex morphologies including a crack mouth opening, possible crack branching, tortuosity, 
isolated microcracking, etc., which may impact ingress rates in cracked concrete [6-11]. Detailed 
fracture mechanics models are capable of modelling such details of cracks [21], however, 
computation times can be extensive and are likely unrealistic currently for actual reinforced 
concrete structures. Previous work presented in [11,22] hypothesized ingress in a crack in 
ordinary concrete could be accurately estimated by assuming a simple crack morphology where 
the total crack length consists of a region of isolated microcracks near the crack tip, which has a 
constant length and minimal impact on moisture ingress, and a coalesced crack that behaves as a 
free surface. Results presented here indicate this simplified crack morphology can be used to 
accurately model moisture ingress in cracked steel fibre reinforced concrete, and may be useful 
in the development of service life models that account for initial cracking of concrete. 

 
Figure 1 – Schematic of the typical Tuutti service life modelling approach, after [5], shown by the solid blue line, 
and a modified approach considering concrete cracks, shown by the broken red line. The end of service life depends 
on the defined limit state. 
 
 
EXPERIMENTAL APPROACH 
 
 
Mixture Proportions and Specimen Preparation 
 
Aalborg white portland cement was used with an estimated Bogue composition of 78.8% C3S, 
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10.5% C2S, 4.9% C3A, 1.0% C4AF, 0.6% MgO, 2.1% SO3, and an Na2O equivalent alkali 
content of 0.19%. The aggregate was washed Class E 0-4 mm sea-sand and Class A 4–8 mm 
sea-gravel (in accordance with [23]). A water-to-cement ratio of 0.50 was used with a cement 
content of 330 kg/m3, 764 kg/m3 fine aggregate, 1,099 kg/m3 coarse aggregate (71.5% aggregate 
by volume), and 19 kg/m3 steel fibres (0.25% fibre by volume). The steel fibres had a length of 
12.5 mm, diameter of 0.4 mm, elastic modulus of 200 GPa, and tensile strength of 1300 MPa. 
The concrete was mixed using a standard pan mixer with a 120 l capacity. The fine and coarse 
aggregate were first mixed dry for 1 min, followed by 3 min mixing with one third of the mixing 
water. Mixing was stopped for 2 min prior to adding and mixing the cement for 1 min. The 
remaining water was then added and mixing continued for 3 min after addition of water, during 
which time the steel fibres were added. The mixer was then opened and the pan and blades were 
scraped, followed by 1 additional minute of mixing. 
 
Concrete was placed, and compacted by combined rodding and vibration in specialty wedge split 
test (WST) specimen moulds consisting of a 100 x 100 x 100 mm3 prism with a 30 x 32 x 100 
mm3 recessed centre on the specimen’s top (see Fig. 2(a)). After casting, specimens were stored 
in laboratory conditions (i.e., 18° ±2°C) covered with wet burlap and plastic sheets for 24 hours. 
The specimens were cured sealed in multiple layers of plastic at 20° ±2°C for 6 days before 
placing the still sealed samples in an oven at 45° ±2°C until samples reached a maturity age of 1 
year. After accelerated curing specimen were unsealed, a 28 mm notch was cut resulting in a 
height, h (see Fig. 2(a)) of 50 mm and halved yielding two 50 mm thick specimen. All cuts were 
made using a water-cooled concrete saw. After cutting, specimens were conditioned at 50% ±3% 
relative humidity for no less than 1 year.  
 
Splitting load was applied to the WST specimens via a rigid wedge with crack mouth opening 
displacement (CMOD) control. Three samples were cracked to a CMOD of 1.8 mm for 
estimation of materials properties using the technique described in the following section, while 
other samples were loaded or cracked to 70% and 90% of peak load, peak load, and 0.10 mm 
CMOD. After loading/cracking of the SFRC WST specimens aluminium tape was used to seal 
all specimen sides except the top surface, which simultaneously provided simple boundary 
conditions and a pond for exposure to water via the cast-in recess and cut notch. Additional 
details on the mixture design, curing and conditioning regimes, specimen preparation, and 
wedge split test method are available in the literature [22]. 
 
 
Inverse Analysis with the Cracked Hinge Model 
 
Fig. 2 shows an implementation of the cracked hinge model (CHM), developed in [24,25], to the 
WST geometry. The CHM simulates the area directly surrounding the propagation crack using 
the loading and deformation shown in Fig. 2(b) and the stress distribution in Fig. 2(c). The rigid 
boundaries of the cracked hinge provide a joint to the bulk (uncracked) specimen, which is 
controlled by Hooke’s law. An inverse analysis approach, developed in [26] and extended in 
[21], allows for estimation of the concrete’s tensile strength, ft, elastic modulus, E, and cohesive 
crack relationship, g(w) by comparison and minimization of differences between experimental 
results and outputs of the CHM. Stresses transferred across the cracked hinge are controlled by 
Eq. 1: 
 

∙ 									Pre‐cracked	state
∙ 			Cracked	state

 Eq. 1 

 
where a tri-linear cohesive crack relationship, g(w) controls the stress transferred across a crack 
with width, w as: 
 



∙ 	where	 	and	 1 → 3 Eq. 2 
 
where a1-3 are slopes and b1-3 are intercepts describing the cohesive relationship of the steel fibre 
reinforced concrete (SFRC). Once cracking occurs, the estimated crack width profile, w(y) can 
be computed using Eq. 3: 
 

  Eq. 3 
 

where  describes the rotation of the cracked hinge, y and y0 the incremental and initial, 
respectively, location on the cracked hinge (see Fig. 2(b)), and i and i are dimensionless 
factors defined as:  
 

∙ ∙
		and	 ∙ ∙

 Eq. 4 
 
where s is the width of the cracked hinge, which is equal to 0.5 ∙ . Additional details on the 
CHM and the inverse analysis approach are available in the literature [21,22,25,26]. 

 
 (a) (b) (c) 
Figure 2 – (a) The wedge split test specimen with the cracked hinge model applied (after [26]), (b) loading and 
deformation of the hinge (after [25]), and (c) the assumed stress distribution (after [25]). 
 
 
X-ray Attenuation Measurement Technique 
 
A GNI x-ray attenuation measurement system located at the Technical University of Denmark 
[27] was used to monitor water sorption in the SFRC WST specimens, shown in Figure 3(a).  A 
polychromatic x-ray source and a 25 mm x 25 mm x-ray camera are housed in a programmable, 
moveable frame. X-ray source energy settings of 110 keV and 15 A were used for all 
measurements. Commonly, the composite system shown in Fig. 3(b) is used to derive Eq. 5 
[22,27,28], which relates the reduction in x-ray photons passing through an initially conditioned 
specimen, Idry caused by ingress of liquid water, Iwet to the change in moisture content, w. 
 

∆
, ∙

 Eq. 5 

 

where w is the density of water, eff,w is the effective attenuation coefficient of water (i.e., the 
attenuation coefficient of water as measured through the 50 mm SFRC WST specimens), and t is 
the specimen thickness. A recent study has indicated that the material type and thickness of the 
specimen affects the attenuation coefficient of water, necessitating the use of eff,w as opposed to 
the linear attenuation coefficient or the attenuation coefficient measured through water alone 
[29]. The 25 mm x 25 mm x-ray camera captured images a total of 15 locations, providing data 
from an 80 mm x 55 mm region from the WST specimens. The measured region was centred 



 

  
 (a) (b) 
Figure 3 – (a) X-ray attenuation equipment and (b) schematic of moisture ingress measurement described as a 
composite system of a conditioned sample and a thickness of water. 
 
horizontally with the notch and vertically the measurement area began approximately 5 mm 
above the specimen bottom. At each measurement location a total integration time of 60 seconds 
 (60 images with 1 second exposure time) were captured and summed. Fig. 4(b) shows typical 
images from the 15 measurement locations. Steel fibres are clearly present and the black areas 
on the parameter of the measurement area and at the notch caused by a 6 mm thick steel shield. 
Additional details on the x-ray attenuation equipment used and the measurement technique are 
available in the literature [11,20,22,27-29]. 
 
Fig. 4(a) describes an issue with the x-ray attenuation measurement technique, namely that slight 
variability in the number of x-ray photons detected by the x-ray camera over time occurs. For 
example, the highlighted regions in images 0 and 1 are the same location on the WST; however, 
the average number of x-ray photons detected within the regions varies from 35,847.5 counts in 
image 0 to 35,311.0 counts in image 1. These overlapping regions were utilized to provide a 
local normalization factor, fi described by Eq. 6: 
 

,

,
	for	 1  Eq. 6 

 

where, A,i-1 and B,i are the mean x-ray photon count from the overlapping regions of images i-1 
and i and n is the number of locations. The normalization factor, fi was then applied to all pixels  
of image i, as shown in Fig. 4(a) and the subsequent image, i+1 is normalized by the same 
approach. Fig. 4(b) shows the locations of overlapping regions used for the local normalizations. 
A batch code for the software package ‘ImageJ’, described in [11], was modified to assess the 
direction of the x-ray source/camera movement, assign the appropriate coordinates of 
overlapping regions depending on movement direction, measure A,i-1 and B,i values, perform 
  

   
 (a) (b) 
Figure 4 – (a) Description of the local normalization using overlapping regions of individual images (note that 
contrasts have been changed to emphasize measurement variability) and (b) an example of 15 summed images 
making up a single measurement, with overlapping regions used for local normalization indicated.  
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the normalization of summed images, and translate individual images to stitch together an image 
of the entire measurement area with the propagated local normalization. Three initial 
measurements (Idry) were averaged from the dry specimens, with ‘Iwet’ measurements taken 3, 30 
minutes, 1, 1.5, 2, 3, 4, 6 and 7 hours after exposure to liquid water. Global normalization (i.e., 
normalization of stitch images taken at different times), also required due to measurement 
variability, was realized by measuring the mean x-ray photon count from identical regions from 
all images where the concrete remained in the initial condition after 7 hours.   
 
 
TRANSPORT MODELLING APPROACH 
 
The following moisture transport model was applied to the WST geometry, assuming an initial 
condition within the SFRC of 50% relative humidity. Sealed conditions were used for all 
surfaces except for the recess, notch, and crack and the top surface of the specimen. The recess, 
notch, and crack were exposed to liquid water at atmospheric pressure. The top of the WST 
specimen was left unsealed during x-ray measurements; therefore, a boundary condition of 65% 
relative humidity (based on measured relative humidity in the x-ray chamber during testing) was 
used. The crack geometry was determined by the CHM (Eq. 4) with the assumption that a 
constant length from the crack tip of the estimated crack consisted of isolated microcracking. 
Moisture ingress in this region is assumed to be identical to the bulk concrete. The remaining 
crack length is assumed to be a coalesced crack, which behaved as a free surface for moisture 
ingress.  
 
Eq. 7 describes the coupled vapour and liquid water flow, which together yield the total moisture 
flow in the steel fibre reinforced concrete. 
 

p K Θ p ρ g  Eq. 7 
 
where, ml+v is the sum of the water vapour and liquid water content, C is the moisture capacity, 
pc is capillary pressure, Dv is the vapour diffusion coefficient, θl is moisture content, Rv is the gas 
constant of water vapour, T is temperature, pv is vapour pressure, Kl is the liquid conductivity 
coefficient, ρw is density of water, g is gravity, and t is time. Using capillary pressure, pc as the 
common driving potential for vapour and liquid water transport, Eq. 7 yields Eq. 8: 
 

, p K Θ p ρ g  Eq. 8 

 
where pv,sat is the saturation vapour pressure and φ is relative humidity. The derivation of the 
mass balance equation for isothermal moisture transport (Eqs. 7 and 8) along with the 
corresponding constitutive equations can be found in the literature (see e.g., [30-34]). To solve 
Eq. 7, specific information on 1) the capillary pressure curve describing the moisture storage of 
the SFRC, 2) the vapour diffusion coefficient, and 3) the liquid water conductivity are needed.  
 
1) In the present model the capillary pressure curve is described by a bimodal function of a van 
Genuchten type [35]: 
 

Θ ∑   with  m 1  Eq. 9 

 
where wcap is the capillary moisture content, a, n and m are shape parameters and l a weighing 
factor. The chosen parameters for the present model are given in Table 1. The pore volume 
distribution of the porous media can be obtained from the derivation of Eq. 9 with respect to the 
capillary pressure and use of Young’s - Laplace equation to relate capillary pressure, pc and pore 
radius, r: 



 

p  Eq. 10 

 
where γ is surface tension and θ is the wetting angle.  
 
2) Vapour flow transport is described as: 
 
D Θ , Θ  Eq. 11 

 
where Dv,air is the vapour diffusion coefficient of air, μdry the vapour diffusion resistance number 
and fv(θl) the vapour diffusion scaling function. The vapour diffusion coefficient of air is 
described by the relation given in [36]: 
 

, 0.083
.

.
 Eq. 12 

 
where p0 is the reference gas pressure. The applied vapour diffusion scaling function has been 
proposed by Scheffler & Plagge [37] and is based on a mechanistic modelling approach taking 
into account the impact of moisture content and the microstructure of the porous media on 
vapour diffusion. The vapour diffusion scaling function is given as: 
 

Θ  Eq. 13 

 
where θpor is porosity and nsp a modelling parameter.  
 
3) Liquid moisture flow is described as: 
 
K Θ K , Θ Θ K ,  Eq. 14 
 
where Kl,rel is the relative liquid conductivity containing information on the SFRC pore structure, 
Kl,sat the liquid conductivity at saturation and fl(θl) a liquid flow scaling function, which is 
similar to the vapour flow scaling function based on a mechanistic modelling approach proposed 
by Scheffler & Plagge [37]. For the determination of the relative liquid conductivity the 
approach derived by Mualem [38], is employed as: 
 

K , Θ  Eq. 15 

 
Instead of the tortuosity factor proposed in [38], a liquid flow scaling function [37,39] is used, 
which is described as: 
 

Θ  Eq. 16 

 
 

Table 1:  Parameters for capillary suction curve, values from [40]. 

Parameter 
i 

1  2 

Capillary moisture content, kg/m3  116 
li  0.426  0.574 
ai  2.4 E‐08  2.1 E‐07 
ni  2.34  2.68 



Typical moisture transport input parameters, i.e. the moisture storage function and its derivation, 
the pore size distribution, along with the vapour and liquid flow transport coefficients, for 
concrete are presented in Fig. 5. More detailed information on the mechanistic model and the 
derivation of the liquid and vapour flow scaling functions can be found in [37,39]. 

 

 
Figure 5 – Transport properties for modelling of coupled vapour and liquid moisture transport in the steel fibre 
reinforced concrete: (a) moisture storage function, (b) pore size volume distribution derived from the moisture 
storage function. Moisture conductivity (solid black line indicates sum of liquid (broken blue line) and vapour 
(broken red line) conductivity) as a function of (c) logarithm of capillary pressure and (d) volumetric water content. 
 
 
RESULTS 
 
Cracked hinge model inverse analysis estimates of the material properties of the SFRC are listed 
in Table 2, with the estimated crack profiles at various loads/CMOD’s shown in Fig. 6. The 
CHM estimates the total crack opening displacement (COD) below the WST specimen notch, 
but is unable to consider details of the cracks such as isolated microcracking, crack branching, 
etc. All crack profiles are maximal at the crack edge (i.e., bottom of notch) and the COD’s 
decrease linearly to the crack tip. Estimates indicate cracking has occurred at 70% of the peak 
load, although only a minute crack is formed with a length of 4.8 mm and a maximum COD of 
approximately 0.9 m. Additional deformation causes the estimated crack length and COD’s to 
increase to a maximum of 34 mm and 0.043 mm, respectively for the 0.1 mm CMOD specimen. 
 
Fig. 7 illustrates the impact of the local normalization approached for computed x-ray 
attenuation images (Eq. 5). Fig. 7(a) and (b) show typical results without and with the local 
normalization, respectively. The images lower threshold was set to 0 g/cm3 of water, meaning 
any grey-to-white-scales indicate the presence of moisture while black indicates either 0 or a 
negative number. Without the local normalization, boundaries between individual measurement 
locations are clearly visible and in certain cases neighbouring locations provide highly different 
assessments of the moisture conditions. For example, in Fig. 7(a) the moisture front appears to 
end abruptly at the boundary of the second and third row of images. In the first author’s   

(a) (b)

(c) (d)



Table 2:  Estimated material properties of 
SFRC by inverse analysis of CHM. 

E [GPa] 31 
ft [MPa]  3.3 

a1 [MPa/MPa/mm]  11.3 
b1 [MPa/MPa]  1 

a2 [MPa/MPa/mm]  1.62 
b2 [MPa/MPa]  0.435 

a3 [MPa/MPa/mm]  0.101 
b3 [MPa/MPa]  0.104 

 

 
Figure 6 – Estimated crack profiles from the CHM for 
SFRC WST specimens at varying load/CMOD’s. Crack 
geometries used in transport modelling are shown for peak 
load and 0.10 mm CMOD specimens. 

 
experience this issue has caused extreme difficulty in analyzing and interpreting results from x-
ray attenuation measurements of large specimens that require stitching together of multiple 
images. The problem is likely caused by compounding calculation error due to logarithmic 
subtraction in Eq. 5 and local (i.e., from one measurement location to next) and global (i.e., from 
measurement of ‘Idry’ to ‘Iwet’) measurement variability. Fig. 7(b) and results presented below 
indicate local normalization provides a repeatable method to mitigate measurement variability.  
 
Figs. 8-11 provide contour plots of the moisture content in the 50 mm thick WST specimen 
determined from images similar to that shown in Fig. 7(b) calculated after various times of 
exposure to liquid water to the loaded/cracked SFRC WST specimens. The black boxes on the 
contour plots identify the location of the notch and a steel shield that was used to cover the 
notch. The steel shield causes a small area near the notch to be incalculable due to the intense 
attenuation provided by 6 mm of steel plus 50 mm of concrete. The steel shield and notch can be 
seen in Fig. 7(b). An additionally artefact in the contour plots is the false indication of water. In 
nearly all the contour plots, there are at least small areas where moisture is indicated, but likely 
not actually present. For example, Fig. 8(a) indicates small amounts of water particularly below  
-25 mm below the notch. As water is introduced only through the notch, it is unlikely water 
reached these locations after only 3 minutes of exposure. These false indications of moisture can 
quantity in the WST specimens over time. The SFRC, which was conditioned to 50% relative 
humidity, rapidly absorbs moisture. After 7 hours the minimum moisture contour (0.30 g/cm3) 
reached the extents of the x-position in most cases. For selected specimens a final x-ray make 
 

 

  
 (a) (b) 
Figure 7 – Calculated images (Eq. 5) (a) without and (b) with local normalization approach applied.  
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distinguishing the moisture front difficult in extreme cases, as most clearly seen in Figs. 8(f), 
9(d,g), 10(d), and 11(h). False indications are likely caused by measurement variability and 
could likely be minimized, if not avoided, by increasing the integration times or altering x-ray 
source settings in future studies. Nevertheless, in many cases the moisture front is clear and by 
repeating measurements at various times, trends can be extracted. 
 
Comparison of the various figures indicates moisture advances further and typically in increased  
attenuation measurement taken after 24 hours indicated the moisture front had moved beyond 
the measured area. The impact of the load level or CMOD is apparent, particularly in Figs. 10 
and 11. Ingress occurs more rapidly in the y-direction of the peak load and 0.10 mm CMOD 
specimens with the minimum moisture contour reaching depths of approximately 10 mm and 17 
mm below the notch, respectively compared to only approximately 7 mm below the notch for the 
70% peak load specimen after 3 minutes (Figs. 8-11(a)). The trend continues at later times, e.g. 

 
Figure 8 – Experimental and modelled ingress results for 70% peak load WST specimen after (a) 3, (b) 30 minutes, 
(c) 1.5, (d) 2, (e) 3, (f) 4, (g) 6, and (h) 7 hours of exposure to liquid water. 
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after 4 hours (Figs. 8-11(f)) of exposure moisture reached approximately 20 mm below the notch 
for the 90% peak load specimen, 25 mm for the peak load specimen, and 35 mm for the 0.10 mm 
CMOD specimen. Lateral ingress, however, appears to be unaffected by cracking of the SFRC 
WST specimens, e.g. after 1.5 hours (Figs. 8-11(c)) x-ray attenuation measurements indicate the 
lateral ingress reached a maximum of between ±18-20 mm from the notch centre for all 
specimens. 
 
 
COMPARISON OF EXPERIMENTAL AND TRANSPORT MODEL RESULTS 
 
Figs. 8-11 also provide modelled results of ingress as the various isolines that match the contour 
lines of the experimental data. Data presented in Fig. 8 (70% peak load sample) was used to 
 

 
Figure 9 – Experimental and modelled ingress results for 90% peak load WST specimen after (a) 3, (b) 30 minutes, 
(c) 1.5, (d) 2, (e) 3, (f) 4, (g) 6, and (h) 7 hours of exposure to liquid water. 
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determine three model parameters, nsp, , and Kl,sat which were found to be 1 (unitless), 30 
(unitless), and 3.5 x 10-7 m/sec, respectively, and were held constant. Similar values for liquid 
conductivity at saturation, Kl,sat have been reported in the literature, see e.g., 1.5 x 10-6 m/sec for   

0.3 water-to-cement ratio cement paste [41], and permeability values for mortar presented in 
[40]. As previously stated, the model geometry of the crack was determined using the CHM and 
assuming a constant length from the crack tip of the estimated crack consisted of isolated 
microcracking that does not impact the moisture ingress behaviour. Using the transport model, a 
constant length of the isolated microcracking of 19.3 mm was used, which compares well to 
previous determinations through epoxy impregnation for ordinary concrete measured between 
16.5-18.5 mm [22]. Fig. 6 shows the crack geometries used for modelling ingress in the cracked 
SFRC WST specimens. The estimated crack lengths for the 70% and 90% peak load specimens 
did not reach a total length of 19.3 mm; therefore, ingress was modelled in both cases   

 
Figure 10 – Experimental and modelled ingress results for peak load WST specimen after (a) 3, (b) 30 minutes, (c) 
1.5, (d) 2, (e) 3, (f) 4, (g) 6, and (h) 7 hours of exposure to liquid water. 
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Figure 11 – Experimental and modelled ingress results for 0.10 mm CMOD WST specimen after (a) 3, (b) 30 
minutes, (c) 1.5, (d) 2, (e) 3, (f) 4, (g) 6, and (h) 7 hours of exposure to liquid water. 
 
without a crack. The transport model appears to accurately estimate the impact of cracking in the 
SFRC on the extent, both vertically and horizontally, of moisture ingress using the simplified 
crack geometries. Location variations in the moisture content, characteristic of the experimental 
data, were not found in the model results. This contradiction is due to the use of a homogeneous 
moisture storage function in the model, while the cement content (or inversely, aggregate 
content) of the SFRC varies naturally with location in the experimental specimens. 

 
 
SUMMARY AND CONCLUSIONS 
 
This paper, which presents a combined experimental and modelling investigation on moisture 



ingress in steel fibre reinforced concrete wedge split test specimen deformed to various states 
(70% and 90% of peak load, peak load, and 0.10 mm crack mouth opening displacement) and 
conditioned to 50% relative humidity, has concluded: 

 The impact of cracks on extent of moisture ingress can, in this case, be accurately 
modelled using a simplified crack geometry, which consists of: 

o A coalesced crack length, which behaves as a free-surface for moisture ingress  
o An isolated microcracking portion of constant length of approximately 19 mm, 

which resists ingress similarly to the bulk material.  
 The extent of ingress into the depth of the steel fibre reinforced concrete increased with 

increased crack deformation at a given time; however, the extent of lateral ingress at a 
given time remained relatively constant for all load/crack states.  

 The steel fibre reinforced concrete has a varying moisture storage capacity due to natural 
variations in cement content. The current model assumes a homogeneous moisture 
storage capacity and therefore is unable to account for such variations.  
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Abstract 
An overview of an ongoing research project related to service life prediction of concrete 
structures is presented. Focus is placed on numerical modelling of the propagation of macro 
cell corrosion. The applied modelling approach is physio-chemical taking into account 
materials properties and characteristics (including cracks and other defects), structural 
detailing and varying boundary conditions. The approach combines the modelling of 
electrochemical processes, transport processes and mechanical performance.  

To demonstrate the potential use of the modelling approach a numerical example is 
provided; the influence of three exposure scenarios on the corrosion rate of steel in concrete is 
illustrated 

1. Motivation 
Each year, large sums are used to ensure the durability of concrete structures, especially 
towards reinforcement corrosion. Improved durability provides increased structural reliability, 
economical improvements in form of less need for maintenance and repair, and increased 
energy and resource efficiency leading to improved sustainability. Much focus is placed on 
means of ensuring a long service life of cracked reinforced concrete structures. The 
effectiveness of service life enhancing solutions is, however, difficult to evaluate based on 
current service life models, as these models a) are not based on a detailed description of the 
corrosion processes, and b) do not take the presence of cracks and other defects into account. 
Also, experimental investigations of initiation and propagation of reinforcement corrosion are 
very time consuming and due to the complexity of the concrete-steel system the results are 
difficult to generalize. 

So far, numerical investigations to determine the influence of defects on concrete 
properties and corrosion are very limited (see e.g. [1], [2], and [3]). 

The objective of the PhD project is to establish, test and demonstrate the applicability of a 
theoretical framework for the modelling of rebar corrosion in reinforced concrete structures. 
The applied modelling approach is physio-chemical taking into account materials properties 
and characteristics (including cracks and other defects), structural detailing and boundary 
conditions. The approach combines the modelling of electrochemical processes, transport 
processes and mechanical performance.  

In the present paper the theoretical framework for the proposed modelling approach is 
summarised. Furthermore, selected results are given illustrating the potential use of the 
applied proposed modelling approach. 

2. Modelling approach 
The basic concept of the modelling approach is illustrated in Fig. 1 a). The approach takes 
into account electrochemical processes (corrosion model), structural defects (mechanical 
models) as well as transport phenomena of potentially aggressive media in concrete (material 



and transport models). To model the propagation of reinforcement corrosion in concrete 
structures a physio-chemical, FEM based corrosion model has been established. The corrosion 
combines electrochemical corrosion processes with fundamental transport mechanisms and 
structural defects to allow simulation of the propagation of macro cell corrosion in a concrete-
steel system. The anodic and cathodic areas of the reinforcement are prescribed since the 
present model is dealing with propagation of reinforcement corrosion. The proposed system 
to model propagation of reinforcement corrosion is illustrated in Fig. 1 b). 
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Figure 1: a) approach of the proposed service life prediction model, and b) concrete-steel 
system to model propagation of reinforcement corrosion. 

2.1 Corrosion model 

To describe the electrochemical processes and determine the corrosion rate of steel embedded 
in concrete two physical laws are used. The first one is Laplace’s equation (Eq. (7) in Fig. 2) 
describing the electric potential distribution in the concrete assuming electrical charge 
conservation and isotropic conductivity. The second is Ohm’s law (Eq. (6) in Fig. 1), which 
can be used to determine the corrosion current density if the potential distribution and the 
resistivity of the electrolyte are known [1]. Subsequently, the rate of dissolution of iron on the 
steel surface in concrete can be calculated using Faraday’s law as follows 

 ( ) ( )=
t

dtt
corr

i
zF

M
tX

0
ρ

 (1) 

where X(t) = thickness reduction, icorr(t) = corrosion current density, M = mol mass of the 
metal, z = number of electrons in the reaction equation for the anodic reaction and ρ = density 
of the metal. An overview of the proposed solution procedure for the corrosion model is given 
in Fig. 2. To solve Laplace’s equation appropriate boundary conditions are needed. So called 
polarisation curves are used as boundary conditions describing the kinetics of the corrosion 
process or in other words quantifying the relation between production and consumption of 
current as a function of the potential at the steel surface. For the anodic and cathodic regions 
of the steel surface, the polarisation curves can be defined by Eq. (2) and Eq. (3) given in Fig. 
2, taking into account the effects of activation and concentration polarisation. Additional 
information on the theory of polarisation phenomena of metals in an electrolyte are given in 
e.g. [4] and [5]. A more detailed description of the applied finite element method corrosion 
model and the underlying materials and electrochemical properties models can be found in 
[6]. 

a) b) 
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Symbols   

φ  electric potential iLim limiting current density 
φ A anodic electric potential z number of transferred electrons 
φ C cathodic electric potential F Faraday’s number 
ρ  concrete resistivity at reference temperature DO2,T oxygen transport function 

MC moisture content cB O2 concentration at concrete surface 
a non-physical fitting parameter d concrete cover thickness 
b non-physical fitting parameter ρ T concrete resistivity 
c non-physical fitting parameter n direction normal to the rebar surface 

Figure 2: Proposed corrosion model. 

2.2 Material and transport models 

The corrosion processes and electrochemical parameters, such as anodic and cathodic electric 
potentials, the polarisation of the steel surface and the concrete resistivity, are influenced by 
the exposure conditions and the materials properties of the reinforced concrete.  

Temperature, oxygen and chloride ion concentration mainly affect the polarisation 
behaviour of steel in concrete while the moisture content and possible addition of conductive 
fibres strongly influence the concrete resistivity. The effect of chloride ions and temperature 
on the concrete resistivity seems minor compared to moisture and fibre content (see e.g. [8] 
and [9]). An overview of the proposed model to determine the time dependent distribution of 
temperature, chloride ions, oxygen and moisture is illustrated in Fig. 3. 

The time dependent distribution of the considered species in the concrete domain and 
along the concrete-steel interface is obtained by solution of a quasi-harmonic equation (Eq. 
(8) in Fig. 3). Application of appropriate boundary conditions as well as coefficients 
describing material properties and transport functions of the concrete to Eq. (8) allow 
prediction of the time dependent distributions of potentials such as temperature, moisture, 
oxygen and chloride. A more detailed description of the applied material and transport model 
can be found in [4]. 
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Symbols   

α coefficient representing material properties X potential 
DX corresponding transport function for potential X t time 
Q sink term for negative values and source term for positive values 

Figure 3: Proposed transport models. 

2.3 Impact of possible defects 

Current service life models (see e.g. [16]) assume in most cases that the structure is a 
homogeneous defect-free system. In real structures, however, cracks and other defects can be 
found. These defects have a major impact on the concrete durability. Cracks provide easy 
access to aggressive substances and voids affect the critical chloride content initiating 
corrosion [17]. 

In connection with the ongoing project an experimental study to investigate the impact of 
cracks on the initiation and propagation phase of corrosion in ordinary and fibre reinforced 
concrete is initiated. The main focus of the investigations is placed on the effect of debonding 
between concrete and steel since it is believed that the amount of damage at the concrete-steel 
interface is the major driving force for initiation and propagation of corrosion in concrete 
structures. The experimental program covers mechanical as well as electrochemical tests. 
Mechanical investigations are carried out to study the relation between debonding and 
geometrical parameters, material parameters as well as load. For the electrochemical 
measurements so-called instrumented rebars are used, which allow location dependent electric 
potential and current measurements while acting mechanically similar to a standard rebar 
[18].  

3. Numerical example 
For the numerical example the impact of varying relative humidity, temperature and oxygen 
content on the corrosion current density was studied. The input parameters for the numerical 
simulation and more details on the three exposure scenarios are given in Table 1. The chosen 
model geometry and the results of the numerical modelling are illustrated in Figure 4. The 
most pronounced effect can be observed for Exposure Scenario 1, following the changing 
moisture content in the concrete due to the applied boundary conditions and moisture 
transport function. The impact of the Exposure Scenarios 2 and 3 appears to be less 
pronounced for the investigated geometry and boundary conditions. 
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Table 1: Input parameters and exposure scenarios for the numerical example. 

Parameter Value Unit Parameter Value Unit
Anodic exchange current 
density at equilibrium

1.88 E-04 [A/m2] Concrete resistivity Eq. (3) [ohm m]

Anodic equilibrium potential -0.78 [V] Initial bulk humidity 0.9 [-] 
Anodic Tafel constant 0.06 [V/dec] Moisture transport Eq. (6) [m/s2]
Cathodic exchange current 
density at equilibrium

6.25 E-06 [A/m2] Limiting current 
density

Eq. (4) [A/m2]

Cathodic equilibrium 
potential 

0.16 [V] Oxygen transport Eq. (6) [m/s2]

Cathodic Tafel constant 0.16 [V/dec] Temperature Eq. (6) [K] 
    
Scenario Relative humidity Oxygen Temperature

 [-] [mol/m3] [K]
1 0.72 - 0.91 1 295
2 0.8 1 275 - 295
3 0.72 0.2 - 1 295

 

Reinforcement
(homogeneous)

Concrete 
(homogeneous)

−++→ eFeFe 22 −→−++ OHeOHO 44
2

2
2

50 100

25
50

[mm]

Ax
is

of
 sy

m
m

et
ry

Anode Cathode

30

40

50

60

70

80

90

100

0 200 400 600

i co
rr

-C
or

ro
si

on
 c

ur
re

nt
 

de
ns

ity
  [
μA

/c
m

2 ]

Time [days]

Exposure scenario 1
Exposure scenario 2
Exposure scenario 3

 

Figure 4: a) geometry modelled and b) corrosion current density for the numerical example. 

4. Summary and conclusions 
The basic concept for a numerical modelling approach, which allows the prediction of the 
corrosion rate of reinforcement in concrete structures, was given. The proposed model 
combines modelling of electrochemical corrosion processes and transport mechanisms to 
allow simulation of the propagation of macro cell corrosion in a concrete-steel system. The 
applied approach takes into account materials properties and characteristics (including cracks 
and other defects), structural detailing and boundary conditions. 

To demonstrate the potential use of the proposed modelling approach a numerical example 
was presented. In the example the influence of varying exposure scenarios on the corrosion 
current density and hence the corrosion rate of the reinforcement were investigated. The 
presented results illustrate the major impact of the exposure conditions on the corrosion 
current density. To take into account the effect of structural defects on the propagation phase 
of steel corrosion in future simulations an experimental study has been initiated. The results 
of the experimental investigations will be used to extend the present corrosion and transport 
model. 
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Abstract 

A physio-chemical model for the simulation of reinforcement corrosion in concrete struc-
tures was developed. The model allows for simulation of initiation and subsequent propaga-
tion of reinforcement corrosion. Corrosion is assumed to be initiated once a defined critical 
chloride threshold is reached causing the formation of anodic and cathodic regions along the 
reinforcement. Critical chloride thresholds, randomly distributed along the reinforcement sur-
face, link the initiation and propagation phase of reinforcement corrosion. 

To demonstrate the potential use of the developed model, a numerical example is pre-
sented, that illustrates the formation of corrosion cells as well as propagation of corrosion in a 
reinforced concrete structure. 

 Keywords: Corrosion, Concrete, Numerical simulation. 

1. INTRODUCTION 
Within the past decades, models as well as standards and recommendations, see e.g. [1-3], 

have been developed to facilitate service life prediction of reinforced concrete structures. 
Numerous models have been developed describing the initiation and propagation of rein-
forcement corrosion. Commonly, the initiation phase of reinforcement corrosion is described 
by the transport of aggressive substances in the concrete, either chloride ions, see e.g. [4-6], or 
carbon dioxide, see e.g. [7], leading to initiation of corrosion. Models dealing with the propa-
gation of reinforcement corrosion include often the impact of environmental conditions on the 
corrosion behaviour; see e.g. [8-10]. To the authors’ knowledge, all of the proposed models 
treat either the initiation or propagation phase of reinforcement corrosion in concrete struc-
tures explicitly. 

The present paper introduces a physio-chemical model, which is capable of simulating 
both initiation and propagation of reinforcement corrosion. To demonstrate the potential use 
of the model, a numerical example is presented, which illustrates the formation of corrosion 
cells as well as propagation of corrosion in a reinforced concrete structure exposed to chlo-
ride. Future development is to include a more detailed thermodynamic description of the elec-
trochemical reactions for the anodic and cathodic regions as well as the impact of defects, 
such as cracks in the concrete as well as defects along on the concrete-steel interface, on the 
initiation and propagation phase of the corrosion. 
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2. EQUATIONS USED IN NUMERICAL MODELLING 
The equations describe transport properties (Sections 2.1-2.4) and reinforcement corrosion 

(Section 2.5). 

2.1 Heat transfer 
Heat transfer within the concrete domain is described by Fourier’s law as follows: 

( )l

p

T T
t C

λ θ
ρ

∂
= − ∇

∂
 With ( )l conc w lλ θ λ λ θ= +  (1) 

where, T is the temperature, λ(θl) the thermal conductivity of concrete, λconc, and water, λw, 
depending on the moisture content θl, ρ the mass density and Cp the specific heat capacity. 

2.2 Moisture transport 
Coupled vapour and liquid water flow, which together yields the total moisture flow, is de-

scribed as follows: 
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where, ml+v is the sum of the water vapour and liquid water content, Cw the moisture capac-
ity, pc the capillary pressure, Dv the vapour diffusion coefficient, θl the moisture content, Rv 
the gas constant of water vapour, T the temperature, pv the vapour pressure, Kl the liquid con-
ductivity coefficient, ρw the density of water, g the gravity, and t the time. Using capillary 
pressure as the common driving potential for vapour and liquid water transport, Eq. 2 yields 
Eq. 3: 
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θ ρ

ρ
+  ∂ ∂
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∂ ∂  
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where pv,sat is the saturation vapour pressure and φ is relative humidity. The derivation of 
the mass balance equation for isothermal moisture transport (Eqs. 2 and 3) along with the cor-
responding constitutive equations can be found in the literature (see e.g., [11-12]).  

Furthermore, a more thorough description of the moisture transport model implemented in 
the present model can be found in [13] along with information on the chosen capillary pres-
sure curve describing the moisture storage [14], vapour transport coefficient and liquid water 
conductivity [15-17]. 

2.3 Multi-ion transport 
Transport of ions is described by Nernst-Planck equation taking into account transport due 

to diffusion, migration and convection: 

( )i
i i i mi i i

c D c z u Fc c u
t

ϕ
∂

= ∇ ∇ + ∇ −
∂

 (4) 

where ci is the ionic concentration, Di the diffusion coefficient, zi the charge number of the 
ionic species, umi the ionic mobility, F Faraday’s constant, φ the electric potential and u the 
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velocity of the solvent. To account for the impact of the moisture content on the diffusion of 
the various ions, the following relation proposed by [18] is used: 

( ) 0
i l i lD S D S β=  (5) 

where Di
0 is the free diffusion coefficient in bulk water, Sl the degree of saturation and β a 

model parameter. Chloride binding is described through an apparent diffusion coefficient for 
chloride ions as follows: 

( ) ( )
( )

, 2
1

1 1
cl bind l cl l

bind l bind cl
D S D S

cα θ β
=

+ +
 (6) 

where αbind and βbind are model parameters 

2.4 Oxygen transport 
Transport of oxygen within the model is described by a relation proposed by [19] and can 

be written as follows: 

( )2.261.92 10 1
2

D RHO porθ−= ⋅ −  (7) 

where θpor is porosity and RH the relative humidity. 

2.5 Reinforcement corrosion 
The electric potential distribution is described by Laplace’s equation and Ohm’s law is 

used to determine the rate of dissolution of iron within the model: 
2 0ϕ∇ =  (8) 

1
corr

el
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ϕ

ρ
∂

=
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 (9) 

where ρel is the concrete resistivity and n the direction normal to the steel surface. Butler - 
Volmer equations are used to describe the electrochemical kinetics for the anodic and ca-
thodic regions of the steel surfaces, respectively. Assuming that the electrochemical reactions 
take place at separate electrodes and polarization is high, the Butler - Volmer equations can be 
replaced by Tafel equations for the anodic and cathodic regions. Taking into account the ef-
fects of activation and concentration polarization [20-21] the Tafel equations can be written as 
follows: 
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where i0,A, i0,C is anodic and cathodic exchange current density, respectively, iLim the limit-
ing current density, φA, φC the anodic and cathodic potential, respectively, φ0,A, φ0,C the anodic 
and cathodic equilibrium potential, respectively and bA, bC the anodic and cathodic Tafel con-
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stant,  respectively. Combining Faraday’s law with Fick’s law, the limiting current density 
accounting for a lack of oxygen at the cathodic regions of the steel surface can be given as 
follows: 

2
2

O
Lim O

zFD
i c

δ
=    (12) 

where δ is the diffusion layer thickness and cO2 the oxygen concentration. To account for 
the impact of temperature on Eq. 10 and 11, the Tafel constants, bA and bC, are described as 
follows [20]: 

( )1A
A

RTb
F α

=
−

 and ( )1C
C

RTb
F α

=
−

 (13) 

where αA, αC is the anodic and cathodic charge transfer coefficient, respectively. 
To describe the moisture dependence of the concrete resistivity a power law is used in the 

present model: 

1 lcel
a

b
θ

ρ
−

=    (14) 

where a, b and c are modelling parameters.  
To link corrosion initiation, i.e. the formation of anodic regions at the reinforcement sur-

face, and subsequent propagation of reinforcement corrosion a conditional statement is de-
fined along the reinforcement surface. Since the present model is dealing with chloride-
induced corrosion the conditional statement comprises the definition of a critical chloride 
threshold for elements along the reinforcement surface, which might be defined as follows: 

A cl crit
Steel

C cl crit

ì c c
BC for

i c c
≥

=  <
 (15) 

where BCsteel defines the boundary condition along the steel surface, ccl is the chloride con-
centration along the reinforcement and ccrit the critical chloride threshold defined along the 
reinforcement elements. Within the literature varying chloride threshold values can be found, 
ranging from 0 to around 0.4 % of weight cement [22], mainly influenced by the defects [23-
24] present along the reinforcement as well as the electrochemical potential [22]. In the pre-
sent model, the critical chloride threshold is varied randomly, ranging from 0 to 0.4 % of 
weight cement, along the reinforcement surface to represent an actual structure with defects 
present at the concrete steel interface. Also, possible impacts due to corrosion induced dam-
ages are not considered. 

3. NUMERICAL EXAMPLE 

3.1 Geometry and boundary conditions 
To illustrate the potential use of the presented model, a simple beam geometry is modelled, 

see Fig. 1. The applied boundary conditions, i.e. annual variations of relative humidity, tem-
perature, chloride concentration and oxygen concentration at the concrete surface, are given in 
Fig. 2. 
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H2O, Cl-, O2, T 

Concrete domain 

Reinforcement surface 

 
Figure 1: Model geometry with environmental boundary conditions and model domains. 

   
a) b) c) 

Figure 2: Environmental boundary conditions applied in the model, annual variation of a) 
relative humidity, b) temperature and c) chloride ions. The oxygen concentration is assumed 

to be constant at the concrete surface. 

3.2 Material properties  
An overview of the most important material properties, for the present numerical example, 

is given in Fig. 3 and 4. Information on the transport and material properties, i.e. transport 
coefficients, moisture storage and microstructure is shown in Fig. 3. Oxygen and chloride 
transport coefficients are presented in Fig.4 along with the electrochemical properties of the 
steel and concrete. 

   
a) b) c) 

Figure 3: Moisture transport properties, a) bi-modal moisture storage function, b) pore size 
distribution (derived from a)) and c) moisture conductivity. 



Page  6 

   
a) b) c) 

   
d) e) f) 

Figure 4: Transport and electrochemical properties, a) oxygen diffusion coefficient, b) chlo-
ride diffusion coefficient in [m2/s], c) concrete resistivity, d) anodic polarization curve, e) 

cathodic polarization curve and f) limiting current density in [A/m2]. 

3.3 Results and discussion 
Results of the numerical model are given in Fig. 5 for selected times (in all plots the col-

ours relate to the following times: black - 18.6 years, blue - 21.8 years, red - 24.8 years and 
green - 37.3 years). Fig. 5 a) illustrates the potential distribution and Fig. 5 c) the chloride 
concentration together with the defined critical chloride threshold along the reinforcement 
surface for selected times. From the results presented it can be clearly seen how anodic areas 
are forming along the reinforcement at different times as the critical chloride threshold is 
reached. 

Fig. 5 b) illustrates the corrosion current density along the reinforcement for the selected 
times. Finally, the accumulated cross sectional reduction for the worst area of the reinforce-
ment is given for the complete simulation time, i.e. 100 years, in Fig 5 d). It can be seen that 
within the initial 21 years, no cross sectional reduction is happing, as no corrosion has been 
initiated yet. After, initiation of corrosion an increase in the cross sectional reduction can be 
seen, which is mainly influenced by the environmental conditions, i.e. the moisture content 
and oxygen availability at the reinforcement surface. To illustrate the impact of the annual 
variations on the cross sectional reduction the subplot in Fig 5 d) gives the results obtained 
between 30 and 32 years of simulation. The impact of the environmental boundary conditions 
can be clearly seen in the subplot of Fig. 5 d) as the cross sectional reduction is varying within 
the selected simulation time. Finally, a significantly reduced corrosion rate can be seen for the 
last 30 years, since all of the reinforcement is acting anodic and very slow micro cell corro-
sion is governing the cross sectional reduction now. 
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a) b) 

  
c) d) 

Figure 5: Results from numerical simulation along the reinforcement surface for selected 
times (black - 18.6 years, blue - 21.8 years, red - 24.8 years and green - 37.3 years), a) poten-
tial distribution, b) corrosion current density, c) critical chloride threshold and chloride con-

centration and d) cross sectional reduction over 100 years of simulation time. 

4. CONCLUSIONS 
A numerical model was described which allows for simulation of initiation and propaga-

tion of reinforcement corrosion in concrete structures. Corrosion is assumed to be initiated 
once a defined critical chloride threshold is reached causing the formation of anodic and ca-
thodic regions along the reinforcement. Critical chloride thresholds, randomly distributed 
along the reinforcement surface, link the initiation and propagation phase of reinforcement 
corrosion. To demonstrate the potential use of the model, an example was given illustrating 
the impact of environmental boundary conditions on the initiation and propagation of rein-
forcement corrosion.  

Future development is to include a more detailed thermodynamic description of the elec-
trochemical reactions for the anodic and cathodic regions as well as the impact of defects, 
such as cracks in the concrete as well as defects along on the concrete-steel interface, on the 
initiation and propagation phase of the corrosion.  
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a b s t r a c t

In this study, reinforced concrete specimens with and without mixed-in chlor ides were condit ioned at 
different relative humidities and subsequently subjected to varying temperat ures. Results of the study 
confirmed that neither temperature nor moisture content have a major impact on the corrosion state 
and rate of passively corroding reinforcement. For actively corroding reinforcement, a temperature and 
moisture dependent corrosion rate was observed. The temperat ure dependency could be described by 
the Arrhenius equation with moisture dep endent activation energies of approximately 10 kJ/mol at 
75% RH and 35–40 kJ/mol above 85% RH.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction 

The design, e.g. water-to-cement ratio and concrete cover, of 
reinforced concrete structures in aggressive environments is 
mainly governed by durability issues. In particular , the ingress 
of aggressive substances , such as chloride ions or carbon dioxide 
potentially leading to corrosion initiation, is controlling the de- 
sign of reinforce d concrete structures. In sound concrete, the 
reinforceme nt is protected by a thin oxide layer, the so-called 
passive film, which is formed due to the alkaline environment 
in the concrete [1–4]. However, if this passive film is destroyed 
active corrosion can initiate. Especially, the penetration of chlo- 
ride ions through the protectin g concrete cover and its accumu- 
lation beyond a certain critical concentr ation can result in the 
destruction of the passive film [5,6]. Carbonat ion and the subse- 
quent pH reduction of the concrete due to the penetration of car- 
bon dioxide and depletion of the hydration products may also 
result in the loss of passivity [7,8].

Once corrosion is initiated, the rate is mainly influenced by a
number of material properties and environmental factors. Tem- 
perature, concrete resistivity, moisture content, and oxygen avail- 
ability are considered to be the predominant factors controlling 
the kinetics of the corrosion process [9,10]; however, corrosion 

may also take place in oxygen deprived environments [11,12].
A number of studies can be found in the literature dealing with 
the influence of material properties and environmental exposure 
on the corrosion state and rate of reinforcement. Among others,
studies were conducted on the influence of carbonation , temper- 
ature, relative humidity, and resistivity under controlle d labora- 
tory condition s, see e.g. [13–16], as well as on-site condition s,
see e.g. [17–22]. Although the presented results have contributed 
to a better understand ing of these influencing parameters, the 
findings are difficult to compare as various materials (e.g. rein- 
forced mortar or concrete samples) with different compositions 
and geometri es were studied. Furthermore, varying electrochem -
ical measuring techniques were applied to determine the corro- 
sion rate and state of embedded reinforce ment. Moreover, the 
quantification of the impact of individua l parameters on the 
kinetics of the corrosion process, such as temperature or relative 
humidity , may be difficult to determine from studies conducte d
under on-site conditions. For instance, recent investiga tions of 
reinforce d concrete specimens exposed to varying environm ental 
condition s concluded , ‘‘Despite numerous analyses of the data, con- 
sidering the test issues, the concrete states, and so on, no correlatio n
was found between the corrosion rate and the relative humidities.
From previous studies no Arrhenius law considering the temperat ure 
issue, was found either. In conclusion, it appears that both parame- 
ters, temperature and humidity , interact with each other and that 
this influences the corrosion results.’’ [23]. Therefore, it is impor- 
tant to conduct additional studies to aid the evaluation of under- 
lying processes affecting the corrosion rate and state of 
reinforce ment and furthermore help to better understand exper- 
imental results and their limitations.
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To investigate the combined (short-term) impact of tempera- 
ture and relative humidity on the corrosion process, concrete spec- 
imens with partly embedde d reinforcement (passively and actively 
corroding) were condition ed at different relative humiditi es and 
subsequent ly subjected to varying temperature s in this study.
Potentiodynam ic linear polarization resistance and galvanostatic 
pulse measureme nts were used to measure and determine the free 
corrosion potential , polarization and ohmic resistance. From that,
the corrosion rate of each reinforcement bar in the specimens 
was calculated. The results were finally used to determine the acti- 
vation energy of the corrosion process and describe the (short-
term) impact of temperature and relative humidity on the kinetics 
of the corrosion process in reinforced concrete .

2. Experimental investiga tions and set up 

For the experimental investigatio ns six concrete specimens,
each with ten partly embedded reinforceme nt bars, were cast from 
concrete with and without mixed-in chloride, i.e. three specimens 
with and three specimens without mixed-in chlorides . Upon cast- 
ing, curing, and preparation, the specimens were placed in three 
different climate chambers with different relative humiditi es and 
temperature s (measurement step 1) given in Table 1, i.e. one spec- 
imen with and one specimen without chloride were placed in each 
of the three climate chambers . Hence, three specimens with pas- 
sively corroding reinforcement (series S1) and three specimens 
with actively corroding reinforceme nt (series S2), corroding at dif- 
ferent rates due to the different exposure conditions, were 
obtained.

After approximat ely 4 years of constant exposure (measure-
ment step 1 in Table 1), the corrosion state and rate of the rein- 
forcement bars in each of the six specimens was measured.
Following this, the temperature in each of the three climate cham- 
bers was changed to the value of measurement step 2 (see Table 1)
and the corrosion state and rate measure ments repeated. The pro- 
cedure was repeated for all measurements steps given in Table 1
and the combined (short-term) effect of the temperature and rela- 
tive humidity on the corrosion process determined. Finally, the 
specimens were split-opened using chisel and hammer to allow 
for visual inspection of the extent of corrosion along the embedded 
reinforce ment and to determine the carbonation depth.

As the experimental setup was used earlier in a research project 
on the use of non-destruc tive electrochemi cal techniques for mon- 
itoring of reinforcement corrosion, parts of the description in this 
section can also be found in [24]. However, for completenes s all de- 
tails of the experimental work are included and described in the 
following section.

Table 1
Relative humidity and temperature for each measureme nt step. During conditioning 
(approximately 4 years) the specimens were stored at relative humidities and 
temperatures given for measureme nt step 1 (one specimen with passively and one 
specimen with actively corroding reinforcement bars for each relative humidity).

Relative humidity (%) Measurement step Unit 

1 2 3 4 5 6

75 25 35 50 1 15 25 �C
85 35 25 50 1 15 35 �C
96 15 1 50 35 25 15 �C

Fig. 1. Geometry of specimens (all measurements are given in mm). From [24].
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2.1. Materials and specimen preparation 

The geometry of the specimens is shown in Fig. 1. Each speci- 
men consisted of a rectangular concrete specimen 
(760 mm � 250 mm � 70 mm) with ten smooth carbon steel rein- 
forcement bars (10 mm diameter). Each bar had a length of 
230 mm of which 200 mm were embedded in the concrete. The 
chemical compositi on of the reinforceme nt bars is given in Table 2.
Along with the reinforcement bars, one mixed metal oxide tita- 
nium (MMO-Ti) mesh (730 mm � 220 mm), a mangane se dioxide 
(MnO2) reference electrode, and two resistivity sensors were 
embedded in each specimen. The MMO-Ti mesh was placed 
5 mm below the concrete surface (250 mm � 760 mm) and the ref- 
erence electrode centred in the specimen. Both resistivity sensors,
each consisting of two parallel rectangu lar MMO-Ti plates 
(20 mm � 75 mm) with a spacing of 35 mm, were placed symmet- 
rically around the centre of the specimen with a distance of 
300 mm between the sensors. An accurate positioning of the rein- 
forcement bars and the resistivity sensors was secured fixing these 
in the bottom plate of the mould whereas the reference electrode 
and the MMo-Ti mesh were mounted on PVC inserts fixed to the 
mould side.

Concrete with a w/c of 0.5 was used for the study. The mix com- 
position and selected concrete properties of series S1 and S2 are gi- 
ven in Tables 3 and 4, respectively . To initiate corrosion in 
specimens of series S2, i.e. with actively corroding reinforce ment 
bars, 4% chloride by mass of cement was added. The cement used 
was Danish white Portland cement (CEM I 52.5 R). The chemical 
composition of the cement can be found in [24]. Prior to casting,
all reinforce ment bars were cleaned in a 10% inhibited hydrochlo- 
ride acid until they appeared with a uniform grey surface, rinsed in 
distilled water, and dried with hot air.

After casting, the specimens were kept in the moulds for one 
day, demoulded, sealed in plastic, and cured at 20 ± 2 �C. After cur- 
ing for 28 days, the specimens were unwrapp ed and an epoxy coat- 
ing applied to the four edges and the first 30 mm of each 
protrudin g reinforceme nt bar. This was done to prevent corrosion 
on the protruding parts of the embedded reinforceme nt bars and to 
obtain a unidirectional moisture transport through the surfaces 
parallel to the reinforcement bars. Prior to applicati on of the epoxy 
coating, the protruding ends of the reinforce ment bars were sand- 
blasted to remove any cement paste and corrosion products 
formed during curing. The specimens were then placed in climate 
chambers at initial relative humiditi es and temperature s given in 
Table 1 (measurement step 1) and kept under these conditions un- 
til testing was started.

2.2. Testing 

After approximat ely 4 years of conditionin g at the initial tem- 
perature s and relative humidities (measurement step 1), testing 
was started measuring the free corrosion potential, Ecorr, and the 
polarizati on resistance, RP, of all reinforceme nt bars in the six spec- 
imens. Following this, the temperature in each of the three climate 
chambers was changed to the values of measurement step 2 (Ta-
ble 1) and the specimens allowed to equilibrate for three days be- 
fore Ecorr and RP measureme nts were repeated. This procedure was 
repeated for all measureme nt steps. In the following section, the 
procedures used to measure Ecorr and RP are described in detail.

2.2.1. Determinati on of free corrosion potential, polarization and 
ohmic resistance 

Each measureme nt was initiated monitoring the free corrosion 
potential , Ecorr, of the selected reinforcement bar versus the MnO 2
reference electrode. When a potential drift smaller than 3 mV over 
a 3 s period was obtained, the free corrosion potential, Ecorr, was 
measure d for a period of 2 s. For the determination of the ohmic 
resistance, RX, a current pulse, ICE, of 25 lA and 4 s duration was 
then applied from the counter electrode polarizing the reinforce -
ment bar in cathodic direction. Due to the double layer capacitance 
(with a low-pass filter behaviour in electronic terms), the resis- 
tance over the double layer is zero at the very moment the current 
is applied. Thus, the non-cont rolled potential response correspond s
to the ohmic resistance (Ohm’s law). Before and during the current 
pulse, the potential of the reinforce ment was measure d with a fre- 
quency of 10 Hz. After the pulse, the potential was actively drawn 
to the initially measure d free corrosion potential , Ecorr, (measured
as average of the 2 s period). Addition al details on the application 
of the galvanostat ic pulse technique to determine the ohmic resis- 
tance can be found in e.g. [31,32].

As the point between the almost vertical potential drop, EX,
(caused by the ohmic resistance, RX) and the subsequent potential 
transient , EP, i.e. the charging curve, could not be determined with 
sufficient precision, the ohmic potential drop, EX, was estimated as 
follows. The ohmic potential drop, EX, was determined subtracting 
the mean free corrosion potential, Ecorr (recorded during the 2 s be- 
fore applying the pulse), from the mean of the potential values re- 
corded during the first half second after initiating the pulse. The 
ohmic system resistance, RX, was then determined using Ohm’s 
law.

The potentiod ynamic linear polarizati on resistance measure -
ment was then started polarizing the reinforce ment 15 mV in 
cathodic direction versus the free corrosion potential, Ecorr, after 
which the reinforceme nt was polarized 30 mV in anodic direction,
i.e. to a value 15 mV more positive than the free corrosion poten- 
tial, Ecorr. In both cathodic and anodic direction, a sweep rate of 
10 mV per minute was used. During the measure ment, the polari- 
zation current was recorded for each mV with a resolution of 

Table 2
Chemical composition of reinforcement bars (mass%). Tested in accordance with [25].

C Si Mn P S Cr Mo Ni Al 

0.11 0.18 0.67 0.006 0.019 0.027 0.001 0.029 0.002 

Co Cu Ti V Sn Mg N Fe a

0.014 0.005 0.002 0.009 0.002 0.0002 0.0 99

a Calculated as remained.

Table 3
Concrete mix design.

Property Amount Unit 

Cement 325 kg/m 3

Water 162.5 kg/m 3

Aggregate 0–4 mm 814 kg/m 3

Aggregate 4–8 mm 1079 kg/m 3

Paste content 26.6 vol.%
Chloride Series S1 0 mass% of cement 

Series S2 4 mass% of cement 

Table 4
Selected fresh and hardened properties of the concrete mixes used for the specimens.

Property Method Series Unit 

S1 S2 

Slump EN 12350-2 [26] 70 50 mm
Air content EN 12350-7 [27] 2.1 2.0 vol.%
Density, hardened EN 12390-7 [28] 2280 2380 kg/m 3

Compressive strength EN 12390-3 [29] 40 35 MPa 
Electrical resistivity APM 219 [30] 7.6 4.0 kX cm
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50 nA. Typical polarizati on curves obtained from the measure- 
ments on the passively and actively corroding reinforce ment bars 
are presented in Fig. 2, left and right graph, respectively.

For the actively corroding reinforce ment bars in series S2,
where very similar anodic and cathodic polarizati on curves were 
observed (i.e. a relatively small hysteresis, see Fig. 2, right graph)
the polarizati on resistance, RP, was calculated using data from 
the anodic polarization curve only, i.e. from �15 mV to +15 mV 
versus the free corrosion potential , Ecorr. After compensati ng the re- 
corded potentials for the ohmic resistance, RX, determined prior to 
the measure ment (see above) a straight line was fitted to the ano- 
dic polarization curve (current as function of the potential). The 
polarization resistance, RP, was then calculated as the reciprocal 
slope of the fitted line multiplied with a steel area, A, of 
62.8 cm 2, correspond ing to the reinforcement length of 20 cm 
and diameter of 1 cm.

The same mathematical procedure was used for polarization 
curves obtained from the passively corroding reinforcement bars 
of series S1. However, due to the observed hysteresis between 
the cathodic and anodic polarization curves (see Fig. 2, left graph),
only the linear part of the anodic polarization curve from approx- 
imately �13 mV to +15 mV versus the free corrosion potential,
Ecorr, was used in the calculation. This part of the polarization curve 
was assumed to give the best approximation of the polarization 
resistance, RP. The assumption was based on the work in [33], in 
which the current response of passively corroding steel to a trian- 
gular potential sweep was considered.

Finally, the corrosion current densities, icorr, were calculated 
from the determined polarizati on resistances, RP, using the Stern- 
Geary equation [34] given in Eq. (1). For the passively corroding 
reinforceme nt bars (series S1), a proportionality factor, B, of 
52 mV was used, whereas a value of 26 mV was used for the ac- 
tively corroding reinforce ment bars (series S2) [35]:

icorr ¼
B

RPA
ð1Þ

Upon analysin g all measureme nts, the mean and standard deviation 
of the RP and icorr values were calculate d for the reinforcem ent bars 
in each specimen omitting values deviatin g more than three stan- 
dard deviations from the mean.

2.2.2. Impact of temperature on moisture state 
As saturated salt solutions were used for maintaining the rela- 

tive humidities in the climate chambers, a variation was expected 
when the temperatures were varied. In the climate chamber with a
relative humidity (RH) of 75%, sodium chloride was used, for which 
a variation between 74% and 75% RH was expected within the ap- 
plied temperature range of 1–50 �C [36]. Higher variations were 
anticipated for the climate chambers where potassium chloride 

(85% RH at 25 �C) and potassium nitrate (94% RH at 25 �C) were 
used. The relative humidity was expected to vary from 81% to 
88% RH and 85% to 96% RH for the investigated temperature s for 
potassium chloride and potassium nitrate [36], respectively . How- 
ever, due to the relatively short duration at each temperat ure step 
the moisture content in the concrete specimens at the depth of the 
reinforce ment bars was assumed not to be affected by the 
variation s.

3. Results and discussion 

Experime ntal results on the combined (short-term) impact of 
varying temperat ure and relative humidity on the corrosion pro- 
cess of passively and actively corroding reinforceme nt bars are pre- 
sented in the following . Results include informat ion on the free 
corrosion potential, polarization and ohmic resistance, corrosion 
current density, and activation energy. For all specimens the mean 
values of measureme nts on ten reinforceme nt bars are presente d
along with standard deviation s. In addition, with measure ment 
steps 2–6 (see Table 1) measureme nt step 1 is presented for all re- 
sults. Finally, results of destructive visual investigations are pre- 
sented including the extent of corrosion along the embedde d
reinforce ment bars and carbonation depth.

3.1. Visual observatio ns 

After the electrochemical measureme nts were finalised,
destructive visual investigatio ns were performed on a number of 
specimens to investiga te the carbonat ion depth and extent of cor- 
rosion along the embedded reinforcement bars. The carbonat ion 
depth was measured by means of the pH indicator phenolphtha- 
lein, which was applied to a freshly broken concrete surface. To 
open the test specimens, a 15 mm deep notch was cut and subse- 
quently the test specimens were split-opened using chisel and 
hammer. Results for a specimen of series S1 (75% RH and 25 �C
for approximat ely 4 years) are presente d in Fig. 3 indicating that 
only the outer layer of the concrete cover was carbonated. Based 

Fig. 2. Typical polarization curves from potentiodynamic linear polarization resistance measurements on passively (left) and actively (right) corroding reinforcement bars in 
specimens of series S1 and S2, respectively.

Fig. 3. Carbonation depth (indicated by lighter colour) of specimen exposed to 75%
RH and 25 �C for approximately 4 years.
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on the results presented in Fig. 3, it was assumed that the remain- 
ing test specimens were carbonated to a similar extent or less (in
case of storage in higher relative humidities or lower temperatures 
hindering the ingress of carbon dioxide and thereby the carbon- 
ation process).

In addition, test specimens of series S1 and S2, i.e. passively and 
actively corroding, were split-opened, the reinforcement bars re- 
moved, and the extent of reinforce ment corrosion investigated.
Exemplary results of a passively corroding reinforce ment bar of 
series S1 are presented in Fig. 4. No signs of corrosion were found 
along the reinforce ment bar surface (for all storage conditions, see 
Table 1), which is in agreement with the electrochem ical measure- 
ments presented in the proceeding sections. Exemplary reinforce -
ment bars retrieved from specimens of series S2 are given in 
Fig. 5. For all storage conditions, signs of active corrosion were 
found. Specimens that were exposed to relative humiditi es of 
85% and 96% showed signs of extensive general corrosion along 
the entire reinforce ment bar (see Fig. 5b and c). In contrast to spec- 
imens stored at 85% and 96% RH, distinct anodic and cathodic re- 
gions were found along the reinforce ment bar surface of 
specimens exposed to 75% RH (see Fig. 5a), although 4% chloride 
by mass of cement were added to the concrete mix (see Table 3).
Visual examina tion of 10 reinforcement bars concluded that 
approximat ely 30–50% of the reinforceme nt bar surface was cor- 
roded. Based on the visual observati ons, the corroding area for 
specimens of series S2 was adjusted [37] to determine the corro- 
sion current density from linear polarization resistance measure- 
ments (see Eq. (1)). For specimens of series S2 conditioned at 
85% and 96% RH, a corroding area of 62.8 cm 2 was assumed, while 
a corroding area of approximat ely 30 cm 2 was assumed for speci- 
mens conditioned at 75% RH.

3.2. Free corrosion potential 

Results of the free corrosion potential , Ecorr, measureme nts are 
given in Figs. 6 and 7 for specimens with passively and actively 
corroding reinforceme nt bars, respectivel y. To convert the free cor- 
rosion potentials from mV MnO2 to mV SCE, 152 mV were added to 
the measured free corrosion potentials [1]. The influence of junc- 
tion potentials, which may be created at interfaces between solu- 
tions of different composition (chloride content, pH, etc.) due to 
varying ion mobility of ions present, was assumed to be negligible 
with respect to the variability of the measure d and presented cor- 
rosion potentials.

Ecorr values between approximat ely �250 and �150 mV SCE were
measured for the passively corroding reinforcement bars, which is 

in agreement with typical Ecorr values reported in literature for pas- 
sively corroding reinforceme nt, see e.g. [11,38]. More negative cor- 
rosion potentials, in the range from �600 to �300 mV SCE, were 
obtained for the actively corroding reinforceme nt bars of series 
S2. Similar values have been reported in the literature for actively 
corroding reinforceme nt, see e.g. [39,40]. No considerable influ-
ence of either temperat ure or relative humidity on the free corro- 
sion potentials, Ecorr, of the actively and passively corroding 
reinforce ment was seen.

3.3. Polarizatio n resistance 

The polarization resistances, RP, determined from potentiody- 
namic linear polarizati on resistance measureme nts are given in 
Figs. 8 and 9. Results for the passively corroding reinforce ment 
bars are shown in Fig. 8 with values ranging from approximately 
500 to 2500 kX cm2. No systematic influence of either temperat ure 
or moisture was observed for passively corroding reinforce ment 
bars embedde d in specimens of series S1.

Significantly lower RP values were obtained for actively corrod- 
ing reinforcement bars ranging from 20 to 200 kX cm2 as shown in 

Fig. 4. Passively corroding reinforcement bar of series S1 (96% RH and 15 �C for 
approximately 4 years). Please note: Rebar was bent during removal from 
specimen.

Fig. 5. Actively corroding reinforcement bars of series S2, exposed to (a) 75% RH 
and 25 �C, (b) 85% RH and 35 �C, and (c) 96% RH and 15 �C for approximately 
4 years.

Fig. 6. Free corrosion potential, Ecorr, at different temperatures and relative 
humidities for passively corroding reinforcement bars (series S1).

Fig. 7. Free corrosion potential, Ecorr, at different temperatures and relative 
humidities for actively corroding reinforcement bars (series S2).
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Fig. 9. In contrast to the passively corroding reinforce ment bars, a
continuous decrease of the polarization resistance, RP, was ob- 
served for all actively corroding reinforce ment bars (see Fig. 9)
with increasing temperature. Furthermore, a moisture dependent 
behaviour was seen for the actively corroding reinforcement (ser-
ies S2); with increasing relative humidity , a decrease in the polar- 
ization resistance, RP, was observed .

3.4. Ohmic resistance 

The ohmic resistances, RX, determined from galvanostat ic pulse 
measureme nts for actively corroding reinforce ment bars are 
shown in Fig. 10 . No ohmic resistances were determined for pas- 
sively corroding reinforceme nt bars (series S1). However, as the 
polarization resistance, RP, is much higher than RX, for specimens 
of series S1 (see Fig. 9), it can be assumed that the introduced error 
in the uncompensate d RP and icorr values is negligible, see e.g.
[24,41].

For all actively corroding reinforcement bars (series S2), a tem- 
perature and moisture dependent behaviour of the ohmic resis- 
tance, RX, was observed. For specimens condition ed at 75%

relative humidity, RX values ranging from approximat ely 35 to 
80 kX cm2 were measure d. Moreover, for specimens condition ed 
at 85% and 96% relative humidity, RX values between 25 and 
60 kX cm2 and 15 and 40 kX cm2 were obtained, respectively .

3.5. Corrosion current density 

Results of the calculated corrosion current density, icorr, for pas- 
sively and actively corroding reinforce ment bars are given in 
Figs. 11 and 12 , respectivel y. For the passively corroding reinforce- 
ment bars (series S1) corrosion current densities, icorr, in the range 
from 0.05 to 0.15 lA/cm2 were determined. Similar values have 
been proposed in the literature for passively corroding reinforce- 
ment, see e.g. [41–43]. Further, no influence of either temperature 
or relative humidity on the corrosion current density, icorr, of the 
passively corroding reinforceme nt bars (series S1) was found.

For the actively corroding reinforceme nt bars (series S2), an in- 
crease in corrosion current density, icorr, with increasing tempera- 
ture was observed for specimens conditioned at 85% and 96%
relative humidity, see Fig. 12 . No considerable increase in icorr

was observed for actively corroding reinforce ment bars embedded 
in the specimen conditioned at 75% relative humidity. Corrosion 

Fig. 8. Polarization resistance, Rp, at different temperatures and relative humidities 
for passively corroding reinforcement bars (series S1).

Fig. 9. Polarization resistance, Rp, at different temperatures and relative humidities 
for actively corroding reinforcement bars (series S2).

Fig. 10. Ohmic resistance, RX, at different temperatures and relative humidities for 
actively corroding reinforcement bars (series S2).

Fig. 11. Corrosion current density, icorr, at different temperatures and relative 
humidities for passively corroding reinforcement bars (series S1).
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current densities, icorr, from approximat ely 0.5 to 0.9 lA/cm2 were
obtained for reinforceme nt bars of the specimen conditioned at 
75% relative humidity . Higher corrosion current densities, icorr,
were obtained for reinforceme nt bars embedde d in specimens con- 
ditioned at 85% and 96% relative humidity , with values ranging 
from 0.2 to 2 lA/cm2 and 0.2 to 4.5 lA/cm2, respectively. The 
determined corrosion current densities for the actively and pas- 
sively corroding reinforcement bars were in good agreement with 
the trends observed by the destructive visual observati ons. No 
signs of active corrosion were found in specimens of series S1,
i.e. passively corroding reinforcement bars. Signs of active corro- 
sion were found for all reinforce ment bars embedded in specimens 
of series S2. Considerable higher signs of active corrosion were ob- 
served for specimens condition ed at 85% and 96% relative humidity 
compared to reinforceme nt bars embedded in the specimen condi- 
tioned at 75% relative humidity.

In addition, the calculated icorr values for the actively corroding 
reinforceme nt bars (series S2) are plotted against the correspond- 
ing ohmic resistances, RX, and presente d in Fig. 13 . A good correla- 
tion between icorr and RX was only found for the specimen 

condition ed at a relative humidity of 96%. For the other actively 
corroding reinforceme nt bars, no distinct correlation between icorr

and RX was found for the temperatures and relative humidities 
investiga ted in this study. The results presented in Fig. 13 indicate
that RX is inadequate as a single quantitat ive parameter to describe 
the corrosion rate. For instance, for an ohmic resistance, RX, of 
approximat ely 27 kX cm2 corrosion current densities in the range 
from approximat ely 0.2 to 2.2 lA/cm2 were obtained depending on 
the temperature and relative humidity . To determine the corrosion 
current density, the impact of individual parameters, such as tem- 
perature and relative humidity, on the kinetics of the corrosion 
process must be considered [13,15] and the rate controlling pro- 
cess(es) identified. In the present study, it is assumed that the cor- 
rosion rate may be governed by (a) activation polarizati on (of
anode or cathode), which arises when the half-cell reaction at 
the metal-electroly te interface itself is hindered (i.e. the mass or 
charge transfer through the electrical double layer is hindered),
(b) resistance polarizati on, which is caused by the electrolyte, pas- 
sive film or other materials that may provide a significant ohmic 
resistance or (c) a combination of activation and resistance polari- 
zation. To identify the rate controlling mechanism (s) for actively 
corroding reinforce ment bars, the activation energy was calculated 
and is presented in the following section.

3.6. Activation energy of reinforcemen t corrosion 

To determine the activation energy of the corrosion process for 
actively corroding reinforce ment bars (series S2), results of the cor- 
rosion current densities, icorr, are presented in an Arrhenius plot as 
illustrate d in Fig. 14 , where the natural logarithm of icorr is plotted 
against the inverse of the temperature .

For actively corroding reinforceme nt bars, linear correlations 
between the calculated logarithm of icorr and the reciprocal of the 
temperat ure were found (see Fig. 14 ). The calculated activation 
energies for the tested specimens are presente d in Table 5 along
with values reported in the literature. From Table 5 it can be seen 
that the results obtained in the present study are of the same order 
of magnitude as values reported in the literature. The scatter in the 
presente d values (experimental data and literature) may be attrib- 
uted to various measurement techniques, parameters, and setups 
used to determine the electrochemi cal propertie s of the specimens 
(linear polarization technique, sweep rates, commercial devices,
etc.) and the assumptions made to determine the corrosion rate 

Fig. 12. Corrosion current density, icorr, at different temperatures and relative 
humidities for actively corroding reinforcement bars (series S2).

Fig. 13. Corrosion current density, icorr, as a function of the ohmic resistance, RX, at 
different temperatures and relative humidities for actively corroding reinforcement 
bars (series S2).

Fig. 14. Arrhenius plot at different temperatures and relative humidities for 
actively corroding reinforcement bars (series S2).
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(e.g. corroding area and B-values). Results from the present study 
(see Table 5), indicate, however, a moisture depende nt behaviour 
of the activation energy for actively corroding reinforceme nt. Be- 
tween 70% and 85% relative humidity , a steep increase in activation 
energy is observed, whereas above 85% relative humidity an al- 
most constant activation energy is maintain ed.

The moisture depende ncy of the activation energy may be ex- 
plained by the influence of different polarization mechanisms 
(activation and resistance polarization) [13,15]. Fig. 15 illustrates
the determined activation energies of the corrosion current den- 
sity, icorr, along with the activation energies of the ohmic resistance,
RX. Results presente d in Figs. 13 and 15 indicate that the activation 
energy of the corrosion process can be divided into two areas. At 
lower relative humidities (below approximat ely 80%), the corro- 
sion process appears to be mainly controlled by resistance polari- 
zation, i.e. the concrete resistivity . No considerable increase in 
corrosion rate was observed for the specimen conditioned at 75%
relative humidity although the ohmic resistance decreased due to 
increasing temperature (see Fig. 10 ). Similar observations were re- 
ported in e.g. [9]. For higher relative humidities (above approxi- 
mately 80%), the results presented in Figs. 13 and 15 indicate
that the corrosion rate is controlled by both resistance and activa- 
tion polarization. With further decreasing ohmic resistance, activa- 
tion polarization is assumed to become more important, i.e. it will 
take over as governing/limiti ng mechanism.

4. Summary and conclusion s

In this study, specimens with partly embedded reinforceme nt 
bars conditioned at different relative humidities (75%, 85%, and 

96%) were subjected to different temperatures, i.e. 1, 15, 25, 35,
and 50 �C. Throughout the exposure period galvanostatic pulse 
and potentiodynam ic linear polarization resistance measurements 
were performed. The electrochemi cal measureme nt techniques al- 
lowed for determination of the free corrosion potential, polariza- 
tion and ohmic resistance, and corrosion rate. The calculated 
corrosion rates were used to determine the activation energy of 
the corrosion process and allowed for identification of rate control- 
ling mechanis ms.

No considerabl e impact of temperature and relative humidity 
on the corrosion rate of passively corroding reinforce ment bars 
was found, which is in agreement with previousl y presented stud- 
ies in the literature. Further, no considerable influence of the rela- 
tive humidity and temperature on the electrochemi cal propertie s,
i.e. free corrosion potential and polarizati on resistance, was ob- 
served for the passively corroding specimens. In contrast to pas- 
sively corroding reinforceme nt bars, temperat ure and moisture 
depende nt behaviour was observed for corrosion current density,
polarizati on, and ohmic resistance of actively corroding reinforce- 
ment bars. The determined corrosion current densities for the ac- 
tively and passively corroding reinforce ment bars were in good 
agreement with the trends observed by the destructive visual 
observati ons. For actively corroding reinforceme nt bars, signs of 
active corrosion were found for all specimens. Considerable higher 
signs of active corrosion were observed for specimens conditioned 
at 85% and 96% relative humidity compared to reinforceme nt bars 
embedde d in the specimen conditioned at 75% relative humidity .
The observed temperature depende ncy could be described by the 
Arrhenius equation with a moisture dependent activation energy.
For 75% relative humidity, an activation energy of approximately 
10 kJ/mol was obtained in the present study. Above 85% relative 
humidity activation energies in the range of 35–40 kJ/mol were 
determined. The moisture dependency of the activation energy 
may be explained by the influence of different polarization (con-
trol) mechanism s (activation and resistance polarization). For low- 
er relative humidities, the corrosion process appears to be 
governed by resistance polarizati on while with increasing relative 
humidity the corrosion current density is controlled by a combina- 
tion of activation and resistance polarization.
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Abstract 

The majority of degradation problems of reinforced concrete structures is related to corrosion of 

embedded reinforcement. Steel reinforcement is protected against depassivating substances such as 

Cl
-
 by the concrete cover, which acts as a physical barrier. However, due to mechanical loading 

cracks are often formed in the concrete cover and the ingress of hazardous substances is increased 

which in most cases lead to reduced durability of the embedded reinforcement. To take this into 

account in the re-assessment of concrete structures and the susceptibility of reinforcement 

corrosion it is of vital importance to analyse the relationship between the damage of the confining 

concrete and the formation of corrosion cells along the reinforcement. The most common approach 

previously used has been to establish a correlation between damage in the concrete cover and 

susceptibility has focused on the relationship between the crack width at the concrete surface and 

corrosion initiation along reinforcement. However, these models have proven insufficient and 

therefore other parameters affecting the corrosion initiation have been analysed. The present paper 

presents experimental observations by photogrammetry on the load-induced debonding at the 

concrete/steel interface, viz. slip and separation for different cementitious composites like plain 

concrete and fibre reinforced concrete. The scope of these investigations is to analyse the extent of 

damage at the concrete/steel interface for various concrete compositions, with difference fracture 

mechanical properties. The results from the experimental observations clearly show that the 

debonding at the concrete/steel interface and the crack propagation in the concrete cover are 

reduced significantly by the addition of fibres to the concrete. This could potentially be used 

guidelines for Service Life Design of reinforced concrete structures where fibre reinforced 

concrete is used for conventional reinforced concrete structures in order to minimize load-induced 

damage which could reduce the extent of possible spots for onset of corrosion along the 

reinforcement. 

 

 

Keywords: Photogrammetry, Experimental Observations, Service Life Design, 

Debonding. 

 



 

Introduction 

Corrosion of embedded reinforcement is the main deterioration process of 

reinforced concrete structures and according to [Rendell et al., 2002] 90% of the 

deterioration problems are related to corrosion of embedded reinforcement. 

Annually, enormous sums are spent on maintenance and repair of reinforced 

concrete structures [Mokhtar et al., 2008]. Thus, the economical consequences of 

corrosion of reinforced concrete structures are considerable not only for the 

owners but also for the users of the structures, and the need for guidelines, 

concerning design of durable reinforced concrete structures, is urgent. Over the 

last decades recommendations for service life design (SLD) such as [DuraCrete, 

2000], [Fib, 2006] and [Darts, 2004], have become an important tool for civil 

engineers to ensure that only limited repair is required within a given time frame, 

the so-called service life, to maintain the structural integrity of the construction. 

To comply with the aforementioned restrictions it is often specified that corrosion 

of embedded reinforcement is not allowed. 

Reinforcement embedded in sound, un-contaminated concrete is protected against 

corrosion due to the formation of a passive layer on the surface of the 

reinforcement caused by the alkalinity (pH~13) of the concrete matrix [Bertolini 

et al., 2004]. However, due to the ingress of de-passivating substances such as eg 

Cl
-
, corrosion of embedded reinforcement may be initiated. The ingress rate of de-

passivating substances is increased significantly if cracks are present in the 

concrete cover as opposed to un-cracked concrete; since cracks act as rapid 

pathways for the hazardous substances previously explained by eg [Jacobsen et 

al., 1996], [Wang et al., 1997], [Aldea et al., 1999], [De Schutter, 1999], 

[Edvardsen, 1999], [Rodriguez and Hooton, 2001], [Win et al., 2004] and [Küter 

et al., 2005]. Consequently, the impact of cracks in the concrete cover, originating 

from eg shrinkage and/or mechanical loading, on the corrosion rate of embedded 

reinforcement has been the pivot of numerous experimental and numerical 

investigations eg [Berke et al., 1993], [Schießl and Raupach, 1997], [Mohammed 

et al., 2001], [Pease et al., 2006] and [Pease, 2010]. Different proposals for 

establishing a correlation between the crack mouth opening displacement 

(CMOD) at the concrete surface and the risk of reinforcement corrosion have been 

reported in the literature see eg [Rehm and Moll, 1964], [Schießl and Raupach, 



 

1997] and [Mohammed et al., 2001]. Although, good correlations can be made for 

relatively short exposure, viz. less than approx. 3 years, between crack width and 

extent of reinforcement corrosion, other factors such as concrete cover thickness 

and concrete quality seems to have a major influence for longer exposure and 

some investigations show no correlation at all between crack width and risk of 

corrosion [Kennedy, 1956], [Francois and Arliguie, 1998]. In a SLD perspective, 

it is of vital importance to establish a proper basis for the connection between 

damage of the concrete cover and the risk of reinforcement corrosion, since 

service life for large infrastructural structures can be up to 150 years. 

Given that the existing correlations concerning crack width and the risk of 

reinforcement corrosion have proven inadequate for long term predictions other 

approaches need to be investigated. Tammo suggested that one reason for the poor 

correlation between crack width and risk of corrosion is that surface crack width 

is poorly correlated with the crack width at the reinforcement level (due to, among 

other effects, the formation of concrete cones around the rebar) and that it is this 

latter crack width, which has the major influence on the risk of corrosion [Tammo 

and Thelandersson, 2009a] and [Tammo and Thelandersson, 2009b]. A somewhat 

similar approach concerns the correlation between the extent of damage at the 

concrete/steel interface and the risk of reinforcement corrosion. Experimental 

observations concerning ingress of chloride ions in cracked reinforced concrete 

have revealed that there is a substantial ingress of Cl
-
 along the reinforcement next 

to a concrete crack [Win et al., 2004]. Thus corrosion may be promoted along the 

reinforcement due to defects at the concrete/steel interface because of the 

increased ingress rate of de-passivating substances. The debonding, viz. slip 

(along the rebar) and separation (perpendicular to the rebar) at the concrete/steel 

interface, in reinforced concrete specimens subjected to flexural loading has been 

experimentally observed by eg Pease et al. [Pease et al., 2006] and Pedersen 

[Pedersen, 2008]. Pease et al. [Pease et al., 2011] developed an instrumented 

rebar for the assessment of location dependent open circuit potential 

measurements along the reinforcement while at the same time having similar 

mechanical properties as those of conventional reinforcement. Results published 

in [Pease et al., 2011] and [Pease, 2010] indicate that the damage at the 

concrete/steel interface may be linked to the risk of corrosion along the 



 

reinforcement, and is more likely a unique indication of the risk of reinforcement 

corrosion than the crack width at the concrete surface. 

Bearing these observations in mind it was decided to initiate a research program 

concerning the relationship between load-induced damage of reinforced concrete 

beams and the risk of corrosion along the reinforcement experimentally and 

numerically. The research program consists of three parts: 

I) Experimental observations on the load-induced damage in reinforced 

concrete beams. 

II) Numerical simulations of this load-induced damage. 

III) Experimental observations concerning the correlation between this 

damage and the extent of corrosion along the reinforcement. 

The research program comprises investigations on the influence of the ductility of 

the concrete on the crack initiation and propagation in the concrete cover and at 

the concrete/steel interface caused by mechanical loading. The latter has to a 

certain extent been experimentally investigated by Miyazato et al. [Miyazato and 

Hiraishi, 2005]. The ductility of the concrete is varied by testing different 

concrete compositions, viz. plain concrete (PC) and steel fibre reinforced concrete 

(SFRC). 

The experimental investigations presented in this paper comprise, 

photogrammetric analyses of the extent of damage at the concrete/steel interface, 

viz. slip and separation, and measurements of the crack width at the tensile 

surface and at the level of the reinforcement as a function of the applied load, ie 

bullet I. Results from these observations are used for qualitative as well as 

quantitative descriptions of the formation and propagation of cracks around 

embedded reinforcement subjected to flexural loading and comparisons of the 

crack formation in PC and SFRC are presented. 

The experimental observations presented in this paper are compared to numerical 

simulations of this load-induced damage formation in the concrete cover (bullet 

II). That numerical model, results from the numerical simulations and the 

comparisons with the experimental data are presented in a separate paper by 

Solgaard et al. [Solgaard et al., 2012]. 

Having described this load-induced damage formation experimentally (this paper) 

as well as numerically, [Solgaard et al., 2012], the final step of this research 

program is to describe the correlation between the cracking process and the risk of 



 

corrosion along the embedded reinforcement (bullet III). The risk of corrosion 

along the reinforcement is measured by the use of a so-called instrumented rebar 

and the experiments are similar to those described by Pease et al. [Pease et al., 

2011]. Results from these investigations are related to numerical simulations 

concerning the load-induced damage in the concrete cover to analyse the 

relationship between damage and risk of corrosion. Hence, fracture mechanical 

properties of the reinforced concrete beams are correlated to electrochemical 

observations of reinforcement corrosion. The experimental results concerning the 

risk of corrosion along reinforcement embedded in cracked concrete (PC or 

SFRC) and the correlation to the damage formation are presented by Michel et al. 

[Michel et al., 2012]. 

It is the authors’ opinion that knowledge of the relationship between the crack 

width at the surface (CMOD) and at the level of the reinforcement (COD), and the 

corresponding damage along the concrete/steel interface is of utmost importance 

for the understanding of the risk of corrosion along embedded reinforcement. 

Moreover cross-disciplinary models combining fracture mechanical properties of 

reinforced concrete with electrochemical properties of the (steel) reinforcement 

allows for a new approach concerning service life design of reinforced concrete 

structures in the civil infrastructure. Results from the present paper may help to 

increase understanding of the aforementioned relationships, which potentially 

could lead to an optimization in terms of durability and sustainability of 

reinforced concrete structures. 



 

Description of load induced damage along concrete/steel 

interface 

Damage at the concrete/steel interface associated with tensile loading has been 

experimentally investigated by eg Goto [Goto, 1971] and is explained in the 

following from Figure 1. Damage along the reinforcement consists of two 

components, viz. slip and separation. Slip relates to the displacement discontinuity 

between the reinforcement and the surrounding concrete parallel to the 

reinforcement, while separation corresponds to the displacement discontinuity 

between the reinforcement and the surrounding concrete perpendicular (in the 

surface-plane) to the reinforcement. Slip and separation along the reinforcement 

are formed when the chemical adhesion between the reinforcement and the 

surrounding concrete is broken corresponding to the shear stress between 

reinforcement and concrete reaching a certain value. 

 

Figure 1: Schematic illustration of damage and cracking at concrete/steel interface under tensile 

loading. After [Goto, 1971]. 

Besides the slip and separation between the reinforcement and the surrounding 

concrete, which are formed when the concrete cracks, secondary cracks are 

formed, initiated from internal cracks (see Figure 1) and eventually resulting in 

concrete cones around the reinforcement (not shown in Figure 1) as presented by 

eg Tammo and Thelandersson [Tammo and Thelandersson, 2009a]. 



 

The deformations of the reinforced concrete associated with the applied tensile 

loading result in the formation of a primary transverse crack through the concrete 

cover, cf. Figure 1. The primary transverse crack is wider at the tensile surface, 

than at the level of the reinforcement due to – if the cracks are bending cracks, the 

crack opening profile, and – the restraining effect of the reinforcement and 

internal cracks and/or concrete cones formed at the ribs of the reinforcement 

[Tammo and Thelandersson, 2009a]. Secondary cracks through the concrete cover 

(not shown in Figure 1) may form from the internal cracks depending on the 

concrete cover thickness, the concrete quality and the load level among other 

factors [ACI, 2001]. The internal cracks are caused by the transfer of concentrated 

(compressive) load between the reinforcement and the surrounding concrete.  

The bonding behaviour between reinforcement and concrete has been investigated 

numerically and experimentally and described in the literature as seen in the 

following. An overview of the topic is given in eg [Fib, 2000]. Experimental 

observations mainly concern the bond-behaviour of reinforcement embedded in 

PC [Pedziwiatr, 2009] [Broms, 1965]. The bond of conventional reinforcement 

embedded in SFRC has also been evaluated [Ezeldin and Balaguru, 1990], 

[Rostásy and Hartwicht, 1988]. Various models, either analytically or numerically 

based, for the bond-slip relationship are described in the literature [Dörr, 1980] 

and [Schaefer, 1975] of which some of the models show good correlation with 

experimental results. However, the bulk part of the existing experimental 

observations concerning the properties of the bond-slip relationship for reinforced 

concrete subjected to tensile loading is based on indirect measurements of the 

deformations between reinforcement and concrete. The aforementioned indirect 

measurements of the bond-slip relationship have been carried out eg by measuring 

the deformations at the surface of the investigated specimen while measuring the 

displacement of the reinforcement during loading and subsequently relate these 

deformations to slip at the concrete/steel interface. However, in order to relate 

these experimental observations a vast amount of assumptions, such as the overall 

mechanical response of the interface are required, before a so-called inverse 

analyse of the bond-slip can be carried out. Consequently, it is difficult to 

conclude on these observations as the results rely on the aforementioned 

assumptions. The experimental technique applied in this study, viz. 

photogrammetric analyses, allows for deformation measurements (eg cracks and 



 

damage) within the micro range, viz. smaller than observable with the naked eye, 

and the technique is explained in more detail in a later section. 

Description of experimental studies 

The experimental observations presented in the paper concern direct 

measurements of the load induced damage in reinforced concrete specimens 

subjected to 3 point bending test (3PBT). These observations allow for: 

- Measurements of the crack initiation and propagation at the concrete 

tensile surface due to applied flexural loading. 

- Measurements of the slip and separation at the concrete/steel interface 

during loading. 

The experimental observations are carried out for PC, 0.5 vol.-% and 1.0 vol.-% 

SFRC to quantify the possible beneficial effect on the crack- and damage 

formation from the addition of steel fibres. The fracture mechanical properties of 

those concrete compositions were determined from companion specimens 

(without conventional reinforcement) to those specimens used for the 

experimental observations described in this paper, cf. Figure 2. Those specimens 

were subjected to, three point bending tests according to standards [Rilem, 2002] 

and [EN 14651, 2001]. The fracture mechanical properties of the three concrete 

compositions have been determined by the use of inverse analysis of the 

experimental results. The procedure for inverse analysis described by Skoček and 

Stang [Skoček and Stang, 2010] was adapted for the analyses, and the 

experimental and numerical results are given in the results section.  

The test matrix for the photogrammetric measurements is given in Table 1, along 

with the naming convention used for the specimens in the present paper. 

Table 1: Test matrix for photogrammetric experiments. 

  Concrete composition 

  PC SFRC 

Fibre fraction [vol.-%] 0.0 0.5 1.0 

  MSA3 MSA8 MSA11 

The materials, specimens and experimental procedures of the research program 

are given in the following. 



 

Materials and specimens 

The experimental program comprises specimens cast from PC and SFRC (0.5 and 

1.0 vol.-%). The mix designs for the three different mix compositions are shown 

in Table 2: 

Table 2: Mix composition for the three mix designs (assumed s.s.d. of aggregates). 

Constituent Density  PC SFRC 0.5 vol.-% SFRC 1.0 vol.-% 

 [kg/m3] [kg/m3] [m3/m3] [kg/m3] [m3/m3] [kg/m3] [m3/m3] 

Cement 3100 375 0.121 375 0.121 375 0.121 

Water 1000 156 0.156 156 0.156 156 0.156 

Sand 2540 760 0.299 755 0.297 750 0.295 

Gravel 2625 56 0.021 56 0.021 56 0.021 

Stones 2615 1025 0.392 1018 0.389 1011 0.387 

Air - - 0.010 - 0.010 - 0.010 

Fibres 7850 - - 39 0.005 78 0.010 

 

The cement type used for all mix compositions was Aalborg Portland RAPID 

cement, CEM I 52,5 N (MS/LA/≤ 2). Further information about the properties of 

RAPID cement is available in [AAP, 2011]. Aggregates were excavated sea bed 

materials natural rounded corresponding to Class E for sand (0-4 mm), class A for 

gravel (4-8 mm) and Class A for stones (8-16 mm) according to national 

standards [DS-2426, 2004]. Prior to mixing, the actual water content of the 

aggregates was determined by the use of the weigh-dry-weigh method in order to 

adjust the amount of mixing water to maintain the target w/c ratio. 

The w/c ratio for the mix compositions given in Table 2 was 0.43. The cement 

paste content corresponds to 27.7 %  of the total volume, and the aggregates 

corresponds to 71.2 %, 70.7 % and 70.2 % of the volume for PC, 0.5 vol.-% 

SFRC and 1.0 vol.-% SFRC, respectively. 

The fibres used for the SFRC mixes were DRAMIX 65/35, viz. length 35 mm and 

diameter 0.55 mm (aspect ratio 65) manufactured by Bekaert NV. The fibres are 

hooked ended and manufactured from cold drawn black steel. More details about 

the fibres are available in [Bekaert, 2011]. As seen from Table 2 the content of 

aggregates was slightly reduced when fibres were added, compared to PC. The 

reduction of the aggregate content accounted for the addition of the fibres and the 

same grading of the aggregates was maintained for all three batches. 

A standard pan mixer (capacity 300 l) was used for mixing of concrete. 



 

For plain concrete, aggregates and sand were dry mixed for two min. 

Subsequently, water was added during the next minute under continuous mixing 

and the concrete was mixed for additional two minutes. Thus five minutes of total 

mixing time including two minutes of dry mixing 

For SFRC mixes the aggregates and cement were dry mixed for two minutes. 

Subsequently, water was added under continuous mixing (one minute) and the 

SFRC was mixed for additional two minutes. Finally, the fibres were added under 

continuous mixing of the concrete, and this part of the mixing procedure lasted 

two minutes. Hence the total mixing time was seven minutes. 

For each batch a slump test, in accordance with [DS-12350-2, 2002], was carried 

out after mixing. Results from the slump tests are given in Table 4. 

The specimens were cast with two rebars (Ø12), viz. one conventional rebar and 

one special rebar. The arrangement of the conventional reinforcement is seen from 

Figure 2. The special rebar has mechanical properties similar to those of the 

instrumented rebar developed by Pease et al. [Pease et al., 2011], and has been 

used since the measurements form the basis of another experimental program 

concerning the risk of corrosion along the reinforcement in cracked concrete 

described in a separate paper [Michel et al., 2012]. It is assumed that the slightly 

different mechanical properties of the special rebar compared to those of 

conventional reinforcement do not have a significant influence on the crack and 

damage formation, as has been shown by Pease et al. [Pease et al., 2011] and this 

special rebar is not discussed any further in the present paper. 

The specimens were cast in 290x310x650 mm moulds and vibrated by the use of a 

vibrating table. In order to avoid wall effect of fibre orientation, viz. 2D 

orientation of the fibres caused by the mould sides, the specimens were cast in 

oversize, and cut to the size of the test specimens prior to mechanical testing. The 

air content of the fresh concrete batches was measured by the use of a manual 

pressure meter and results are given in, Table 4. 

After casting, the specimens were covered with plastic sheets to avoid moisture 

evaporation from the fresh concrete surface and left for curing for 24 h at 

laboratory conditions (20 ± 2 ºC) before demoulding. After demoulding the 

specimens were stored in lime rich water (minimum 28 days) until cutting and 

testing. The specimens were cut by the use of a water cooled diamond saw. 

Cutting of the specimens is presented in Figure 2, illustrating the specimen before 



 

and after cutting. The final dimensions of the specimens were 150 x 140 x 650 

mm (h x w x l). 

 

Figure 2: Specimen for photogrammetric observations of load induced damage. Left: Original 

specimen (light grey) and final specimen after cutting (dark grey). Right: Cross section of original 

specimen (light grey) and final specimen (dark grey) along with measures. The illustrations are not 

in scale. 

 

The dotted lines in Figure 2 illustrate the cutting lines, and the dimensions given 

in the illustration are reproduced in Table 3: 

Table 3: Dimensions of specimens before and after cutting. 

Ho [mm] 290 

wo [mm] 315 

a [mm] 40 

b [mm] 100 

c [mm] 80 

d [mm] 95 

h [mm] 150 

w [mm] 140 

l [mm] 650 

 

The right cutting line shown in the right illustration of Figure 2 is approx. 2 – 4 

mm from the rebar. Thus the rebar is covered by a minute concrete cover on the 

side. This is done in order to avoid damaging the concrete/steel interface during 

the cutting process. 

  



 

Experimental Procedures 

The experimental procedure and the techniques utilized for the photogrammetric 

analyses equipment are described in the following. The specimens are 650 mm 

long, cf. previous description, and the span during mechanical loading was 500 

mm.  

Photogrammetric measurements 

The load-induced damage at the concrete/steel interface (slip and separation) and 

the initiation and formation of bending cracks in the concrete cover, were 

measured by the use of photogrammetric equipment monitoring the surface of the 

specimen. The photogrammetric measurements were carried out on the surface of 

the specimen with the rebar closest to the vertical surface, viz. the right vertical 

side of the specimen in Figure 2. The photogrammetric equipment consists of two 

CCD cameras positioned at the same level as the specimen. The set-up of the 

photogrammetric equipment is illustrated in Figure 3: 

 

Figure 3: Top-view of set-up of photogrammetric equipment. (a) Alignment of cameras and 

specimen and (b) monitored surface at concrete specimen. The illustration is not in scale. 

 

The cameras were positioned on a rig parallel to the concrete specimen and at a 

distance l. The cameras were placed at a mutual distance d and the angle between 

the cameras was constant α, cf. Figure 3a. 



 

The area of the concrete surface of each camera is indicated with yellow in Figure 

3b whereas the part of the concrete surface monitored by both cameras is 

indicated with orange in Figure 3b. 

Prior to the mechanical testing, the monitored surface of the concrete specimen 

was painted and subsequently a random black pattern was applied, as shown in 

Figure 4. 

     

Figure 4: Left: Concrete beam mounted in rig. Right: Surface of specimen showing original 

surface (left) and surface with applied random pattern (right). 

The pattern applied to the monitored surface of the specimen was used for the 

post-processing of the photogrammetric observations; the deformations were 

calculated from a comparison of the random black pattern at the concrete surface 

during loading and the same pattern before loading, viz. the so-called reference 

picture. The frequency of data acquisition was 0.5 Hz. 

The area of the specimen monitored by both cameras, was approx. 350 x 150 mm 

(l x h) and was positioned around the center of the specimen. The resolution of the 

CCD cameras used for the photogrammetric observations was 2 Megapixel.  

Data from the photogrammetric observations were analysed by the use of the 

commercial available software ARAMIS. The analysis allows deformation and 

strain measurements to be undertaken in any point in the measurement area after 

the experiments have been carried out and the deformation and strain fields in the 

same area can be visualized. Furthermore, the technique allows identification of 

cracks as zones with localized strain. Further details on the photogrammetric 

equipment, ie software and the procedure for the subsequent analyses, are given in 

[GOM, 2005]. 

The reinforced concrete specimens were loaded in a load-controlled set-up, and 

the output of the experimental observations was corresponding load levels and 

strain and deformations at the concrete surface. 



 

The slip and separation at the concrete/steel interface were determined by 

measuring the relative displacement, x and y, respectively, between points directly 

above and below the reinforcement for all load levels. The slip and separation at 

the concrete/steel interface were measured in various distances from the centre of 

the primary bending crack for all load levels. 



 

Results and discussion 

Casting of specimens 

Results from the casting procedure of the different batches comprise both slump 

test and measurements of the air content of the fresh concrete. The results are 

given in Table 4. 

Table 4: Measurements of air content and slump for batches. 

 PC SFRC 

Fibre content [vol-%]: 0.0 0.5 1.0 

Slump [mm] 
Average. 49 22 9 

St.dev.  3 6 5 

Air [vol-%] 
Average. 1.6 1.7 2.1 

St.dev.  0.4 0.6 0.3 

 

It is seen from the results given in Table 4, that the slump is reduced with the 

addition of fibres. It is generally accepted that the slump is affected by the 

addition of fibres, where the amount and geometry of the fibres are some of the 

parameters influencing this phenomenon [ACI, 1973]. 

Concerning the air content of the fresh concrete, it is seen from the results given 

in Table 4 that there is no significant difference in the air content of the fresh 

concrete comparing PC and SFRC. In general, the addition of fibres leads to a 

higher air content and different porosity compared to PC, caused by among other 

factors, entrapment of air by the randomly dispersed fibres in the fresh concrete. 

The contradiction between the aforementioned general observations and the 

present experimental observations may be due to the fact that the SFRC 

specimens were vibrated for longer time than the PC specimens. 

Fracture mechanical properties of concrete compositions 

As previously mentioned, the fracture mechanical properties of the concrete 

compositions given in Table 2 were quantified experimentally from 3PBT. The 

load-deflection curves from the experimental observations (lines) and the inverse 

analyses (hollow symbols) are shown in Figure 5. 



 

 

Figure 5: Load-deflection curves for all concrete 

compositions 

Comparing the load-deflection curves for PC, 0.5 vol.-% SFRC and 1.0 vol.-% 

SFRC, it is clear that the addition of fibres changes the mechanical response 

significantly. The addition of fibres leads to a more ductile response of the 

material; viz. the post-peak branch of the P-CMOD relationship is less steep for 

SFRC as opposed to PC but the addition of fibres does not lead to a general 

increase in the peak load which is in line with the literature on this subject eg 

[Löfgren et al., 2005]. Furthermore, it is noted that there is a good correlation 

between experimental data and numerical simulations from inverse analysis. 

Results from these inverse analyses cover the fracture energy, Gf, and the tensile 

strength, ft, and are given in Table 5. 

Table 5: Gf and ft of the specimens determined by inverse analysis. 

Composition ft  Gf  

Average 

[Mpa] 

St.dev. 

[Mpa] 

Average 

[J/m
2
] 

St.dev. 

[J/m
2
] 

PC 1.8 0.1 569 55 

0.5 vol.-% SFRC 1.7 0.1 4700 700 

1.0 vol.-% SFRC 1.7 0.6 9000 2800 

 

As seen from Table 5, the addition of fibres does not influence the tensile strength 

of the material significantly, which corresponds to the aforementioned observation 

concerning the peak load of the specimens. However, the fracture energy is 

significantly increased by the addition of fibres due to the post-crack load bearing 

capacity of SFRC. It is seen that the addition of fibres leads to a higher scatter in 

the experimental results, which is most pronounced for specimens containing 1.0 



 

vol.-% of fibres. This may be caused by a larger variety in the composition of the 

materials, viz. decreased homogeneity of the mater

differences in the fibre orientation

Visualization of the cracking

The deformations 

associated with the photogrammetric equipment.

The visualizations

specimen MSA8 (SFRC 0.5 vol.

approx. 60 KN determined by the use of the photogrammetric equipment and the 

associated software

term in this context

positioning and extent of damage at the concrete/steel interface and in the 

concrete cover. Moreover

illustrations of the 

eye, viz. in the micro range. 

 

Figure 6: Visualization of the strain field 

approx. 20 KN. CMOD

Figure 7: Visualization of the strain field 

approx. 60 KN. CMOD

This may be caused by a larger variety in the composition of the 

materials, viz. decreased homogeneity of the material compared to PC

differences in the fibre orientation. 

Visualization of the cracking 

The deformations and strains are calculated by the use of the 

the photogrammetric equipment. 

visualizations given in Figure 6 and Figure 7 show the 

specimen MSA8 (SFRC 0.5 vol.-%) for two different load levels, viz. 20 KN and 

determined by the use of the photogrammetric equipment and the 

associated software. At the crack, “strain” is strictly speaking 

context. However, the illustrations are shown to 

positioning and extent of damage at the concrete/steel interface and in the 

Moreover, the pictures given in Figure 6 – 

the formation of cracks even smaller than observable by the naked 

, viz. in the micro range.  

Visualization of the strain field of specimen MSA8 (SFRC 0.5 vol.

CMOD ≈ 0.1 mm. 

Visualization of the strain field of specimen MSA8 (SFRC 0.5 vol.

CMOD ≈1.4 mm. 

This may be caused by a larger variety in the composition of the 

ial compared to PC as well as 

are calculated by the use of the ARAMIS software 

the strain field for 

%) for two different load levels, viz. 20 KN and 

determined by the use of the photogrammetric equipment and the 

speaking not an adequate 

the illustrations are shown to visualize the 

positioning and extent of damage at the concrete/steel interface and in the 

 Figure 7 serve as 

formation of cracks even smaller than observable by the naked 

 

(SFRC 0.5 vol.-%) subjected to 

 

of specimen MSA8 (SFRC 0.5 vol.-%) subjected to 



 

The grey areas in the visualizations in Figure 6 and Figure 7 are areas where the 

strain field cannot be calculated due to deformations exceeding the capacity of the 

analysis system. However, a thorough evaluation of the results from the 

photogrammetric analyses has revealed that all data relevant for the present study 

is available from the experimental observations. 

Deformation measurements 

The results from the investigations of the slip and separation at the concrete/steel 

interface are given in the following sub-sections. The naming convention for the 

specimens used in the following sections appears from Table 1. 

The resolution of the photogrammetric equipment, 2 MegaPixel, corresponds to 

deformation measurements with an accuracy of the measurements being1x10
-4

 

times the dimensions of the area of the surface monitored by the cameras cf. the 

manual of the equipment [GOM, 2005]. Previous comparisons between 

measurements of the width of a crack formed in a concrete specimen during 

mechanical loading, by the use of a clip gauge and photogrammetric 

measurements presented in [Pease et al., 2006] revealed good correlation between 

the results obtained from the two different measuring techniques. 

Relationship between CMOD and load 

The relationships between crack width at the tensile surface of the concrete 

specimens and applied load are given in the following. Though multiple cracking 

occurred in most specimens during mechanical loading only results related to the 

primary bending crack are presented. The primary bending crack has been defined 

as the first crack being formed. For all specimens the primary bending crack is 

located at or very close to the centre of the specimen. 

 



 

 

Figure 8: CMOD vs P relationship. 

Figure 8 shows that the crack at the tensile surface is initiated at approximately 

the same load level applied, viz. 18 KN for all concrete compositions. However, 

once the crack is formed, the increase in crack width as a function of the applied 

load is significantly reduced for the steel fibre specimens compared to the plain 

concrete specimen. The reduction in CMOD as function of the load is more 

pronounced comparing 1.0 vol.-% SFRC with 0.5 vol.-% SFRC than 0.5 vol.-% 

SFRC with PC, ie 0 vol.-% of fibres. 

Relationship between COD and load 

The relationship between the crack opening displacement at the level of the 

reinforcement and the applied load is given in Figure 9: 

 

Figure 9: COD vs P relationship. 

Figure 9 shows that the crack at the level of the reinforcement is initiated at the 

same load level for all specimens, viz. approx. 18 KN. Moreover it is seen that the 

addition of fibres reduce the increase in COD as a function of the applied load 

significantly. 



 

Comparing Figure 8 and Figure 9 it is seen that once the crack is initiated at the 

concrete surface it propagates immediately to the level of the reinforcement. The 

results presented in Figure 8 and Figure 9 indicate that COD is proportional to 

CMOD. For small values of CMOD (CMOD < 0.3 mm) the same proportionality 

between CMOD and COD is seen for all the concrete compositions. However, for 

increasing values of CMOD, the SFRC specimens has a less steep increase in 

COD compared to PC, since the fibres bridge the crack and enable stress transfer 

across the crack. 

Relationship between slip and load 

The results given in Figure 10 – Figure 12 comprise the slip at various locations 

along the reinforcement as a function of the load applied, whereas the slip along 

the reinforcement and at the center of the primary bending crack at the 

reinforcement level is shown in Figure 13 – Figure 15 for selected COD and 

corresponding load levels. Finally the slip along the reinforcement is selected for 

all concrete compositions and the same (selected) COD in Figure 16 - Figure 17: 



 

 

Figure 10: Slip vs load for PC (MSA3). 

 

 

Figure 11: Slip vs load for 0.5 vol.-% SFRC (MSA8). 

 

 

Figure 12: Slip vs load for 1.0 vol.-% SFRC (MSA11). 



 

 

Figure 13: Slip vs. distance from center of main bending 

crack, PC (MSA3). 

 

 

Figure 14: Slip vs. distance from center of main bending 

crack, 0.5 vol.-% SFRC (MSA8). 

 

 

Figure 15: Slip vs. distance from center of main bending 

crack, 1.0 vol.-% SFRC (MSA11). 



 

 

Figure 16: Slip vs. distance from center of main bending 

crack for all specimens, COD =0.15 mm. 

 

Figure 17: Slip vs. distance from center of main bending 

crack for all specimens, COD =0.25 mm. 

 

For Figure 10 – Figure 12 the y-axis has been scaled whereas the same axes have 

been used for PC and SFRC in Figure 13 – Figure 15 to emphasize the substantial 

difference in the slip between PC and SFRC specimens. 

The beneficial effect from the addition of fibres on the slip at the concrete/steel 

interface is obvious from Figure 10 – Figure 15. The slip is descending as a 

function of the distance from the main bending crack, cf. Figure 10 – Figure 15 as 

expected. More specifically, it is seen from Figure 10 – Figure 12 that the slip at a 

given load level is reduced approx. 50% comparing PC and 0.5 vol.-% SFRC, and 

additional 50% comparing 0.5 vol.-% SFRC and 1.0 vol.-% SFRC, as would be 

expected since the crack opening is reduced by the addition of fibres. Moreover, it 

is seen by comparisons of Figure 13 – Figure 15 that the level of slip along the 

reinforcement is similar for the three different concrete compositions for a specific 



 

value of crack opening of the main transverse crack at the level of the 

reinforcement. This indicates, that the bond-slip relationship is independent by the 

addition of fibres. However, substantially different load levels are required to 

form a specific crack opening at the level of the reinforcement eg for COD = 0.15 

mm 31.7, 42.4 and 59.3 KN are required for PC, 0.5 vol.-% SFRC and 1.0 vol.-% 

SFRC respectively.  

However, it should be mentioned, that the extent of slip along the concrete/steel 

interface, viz. the length of the reinforcement where slip at the concrete/steel 

interface has occurred, cannot be directly quantified from the results given in 

Figure 10 – Figure 12.  

The slip along the reinforcement for all specimens, is given for COD = 0.15 mm 

and COD = 0.25 mm, in Figure 16 and Figure 17, respectively. It is seen that for 

the same COD the slip along the reinforcement is similar for the different concrete 

compositions, as already explained. However, the load level required to create 

these specific values of COD is significantly increased by the addition of fibres. 

Relationship between separation and load 

Results concerning the separation at the concrete/steel interface are given in the 

following for various load levels, Figure 18 – Figure 20 and COD, Figure 21 – 

Figure 23. To ease the comparison between the three specimens, the separation 

along the reinforcement for specific values of COD for all specimens is presented 

in Figure 24 – Figure 25. 



 

 

Figure 18: Separation vs load for PC (MSA3). 

 

 

Figure 19: Separation vs load for 0.5 vol.-% SFRC 

(MSA8). 

 

 

Figure 20: Separation vs load for 1.0 vol.-% SFRC 

(MSA11). 



 

 

Figure 21: Separation vs. distance from center of main 

bending crack, PC (MSA3). 

 

Figure 22: Separation vs. distance from center of main 

bending crack, 0.5 vol.-% SFRC (MSA8). 

 

Figure 23: Separation vs. distance from center of main 

bending crack, 1.0 vol.-% SFRC (MSA11). 



 

 

Figure 24: Separation vs. distance from center of main 

bending crack for all specimens, COD =0.15 mm. 

 

Figure 25: Separation vs. distance from center of main 

bending crack for all specimens, COD =0.25 mm. 

The same axes have been used for Figure 18 – Figure 20 and Figure 21 – Figure 

23 to ease comparisons of the separation for the different materials, and to 

emphasize the difference in the extent of separation at the concrete/steel interface 

for the different materials. 

For PC, it is seen from Figure 18 and Figure 21 that the level of separation at the 

concrete/steel interface at various positions along the reinforcement is similar for 

a given COD, ie load level. This indicates that the separation along the 

reinforcement occurs instantaneously in the crack initiation phase. The same trend 

is seen for small values of COD for the two SFRC specimens, viz. 0.5 vol.-% 

SFRC (Figure 19 and Figure 22) and 1.0 vol.-% SFRC (Figure 20 and Figure 23). 

Based on these experimental results it is reasonable to conclude that the initiation 

of the separation occurs when the tensile capacity of the concrete matrix is 

exceeded. However, for increased load levels, viz. propagation of the separation, 



 

the separation propagates faster closest to the main bending crack. This is seen for 

both SFRC compositions; cf. Figure 19 – Figure 20. The most reasonable 

explanation for this behavior is simple geometrical considerations. 

Comparing Figure 18 – Figure 20 it is clear that the separation is prevented by the 

addition of fibers. Comparing the level of separation for PC and 0.5 vol.-% SFRC, 

Figure 18 and Figure 19 respectively, it is clear that the separation at different 

positions along the reinforcement is reduced by approx. 50% by the addition of 

only 0.5 vol.-% of fibres. The level of separation along the reinforcement is rather 

similar for 0.5 vol.-% SFRC and 1.0 vol.-% SFRC cf. a comparison of Figure 19 

and Figure 20, suggesting that the increased addition of fibres only slightly has a 

beneficial effect on the separation. However it should be stressed that the 

separation for 1.0 vol.-% SFRC attains a somewhat constant level as opposed to 

the separation for 0.5 vol.-% SFRC where the separation is a constant increasing 

function of the applied load. 

Comparing the figures concerning the separation along the reinforcement for 

various COD at the level of reinforcement ( and thus various load levels), Figure 

21 – Figure 23 it is clear that the level of separation is descending as a function of 

the distance from the main transverse crack for the SFRC specimens as opposed 

to PC. Moreover, it is seen that the level of separation at a given position along 

the reinforcement is not constant for the same COD at the level of reinforcement 

for the three specimens. 

The results given in Figure 24 and Figure 25 concerning the separation at a given 

COD, 0.15 mm and 0.25 mm, respectively, indicate that the separation along the 

reinforcement is at the same level for all three concrete compositions for the same 

value of COD. However, as seen from the figures, the required load level to form 

the given values of COD is significantly increased by the addition of fibres. 

  



 

Conclusions 

This paper presents experimental observations, by means of photogrammetric 

measurements, of the formation and propagation of bending cracks and damage 

along the reinforcement in reinforced concrete beams subjected to 3 PBT. The 

experimental observations comprise specimens with 60 mm concrete cover and 

cast from PC, 0.5 vol.-% SFRC and 1.0 vol.-% SFRC, respectively.  

The results and analyses presented in the paper contribute to an increased 

understanding of the mechanical performance of reinforced concrete structure 

subjected to flexural loading and based on these it can be concluded: 

- The tensile strength of concrete, ft, is not changed noticeable by the 

addition of fibres. However, the fracture energy, Gf, is increased by orders 

of magnitude due to the addition of fibres. 

- The main bending crack is initiated at the tensile surface of the specimen 

at approx. the same load level regardless of the concrete composition. 

However, subsequently to crack initiation the increase in CMOD as 

function of the applied load is significantly reduced by the addition of 

fibres. 

- The crack propagates fast from the tensile surface towards the 

compression zone, and the COD starts at the same load level as the CMOD 

regardless of the concrete composition. 

- The evolution of the crack width at the level of the reinforcement as a 

function of the applied load is significantly reduced by the addition of 

fibres. Moreover, the same proportionality between COD and CMOD for 

the three concrete compositions for small values of CMOD (CMOD < 0.3 

mm) can be seen. However, for larger values of CMOD the relationship is 

less steep for SFRC as opposed to PC indicating that the fibres hinder the 

crack width evolution. 

- The slip at a given position at the concrete/steel surface is significantly 

reduced by the addition of fibres for a given load level; the slip is reduced 

approx. 50% and 75% comparing 0.5 vol.-% SFRC and 1.0 vol.-% SFRC 

with PC respectively. Results indicate that the extent of slip along the 

reinforcement is beneficially affected by the addition of fibres. 

- The separation along the reinforcement is prevented by the addition of 

fibres, which is in accordance with the fracture mechanical properties, viz. 



 

the fracture energy is increased significantly by the addition of fibres. 

More specifically, the results concerning separation at the concrete/steel 

interface indicate that the extent of separation is reduced by the addition of 

fibres for a given load level. 

- Based on the experimental results given in the paper, it may be concluded 

that the addition of fibres can reduce the damage formation (slip and 

separation) at the level of the conventional reinforcement. This could 

potentially pave the way for further utilization of combined reinforcement 

systems, viz. fibres and conventional reinforcement, to improve the 

corrosion resistance from cracks of conventional reinforced concrete 

structures. 

Future work 

The results and analyses of the present paper reveal that the debonding at the 

concrete/steel interface is significantly reduced in SFRC as opposed to PC. 

However, further experimental observations are required in order to establish a 

relationship between the applied load and the damage along the reinforcement for 

other concrete compositions, concrete cover thicknesses, etc. The 

photogrammetric equipment described in the present paper is adequate for 

assessments of these results. 
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Abstract 

The formation of cracks in the concrete cover of reinforced concrete is often related to mechanical 

loading. Cracks may potentially promote the risk of reinforcement corrosion since the ingress rate 

of eg moisture and/or chlorides may increase. Corrosion initiation of reinforcement is often used as 

a limit state in guidelines for service life design. Though the formation of cracks is inevitable due 

to the brittle nature of concrete, they are not accounted for in such existing guidelines. To account 

for the influence of cracks and damage of the concrete cover in the service life design of a 

reinforced concrete structure it is of vital importance to determine the correlation between the risk 

of the initiation of reinforcement corrosion and the extent of damage associated to the load 

applied. Previous experimental studies of such damage formation have been presented in the 

literature. However, operational tools, eg numerical models, capable of correlating the applied load 

and the associated damage formation in the concrete cover are not available at the present moment. 

The aim of this paper is to present a numerical model for the formation of tensile load-induced 

damage in concrete. The model simulates the formation of a bending crack through the concrete 

cover as well as the formation of damage at the concrete/steel interface. The numerical model is 

based on basic theories of fracture mechanics, viz. the so-called fictitious crack model, and the 

numerical simulations are compared to experimental data. The experimental data cover 

observations of flexural loading of conventional reinforcement embedded in plain concrete as well 

as steel fibre reinforced concrete (0.5 and 1.0 vol.-%). 

Comparisons of the numerical and experimental results show, that the proposed model is capable 

of simulating all of the damage mechanisms, viz. the formation of a bending crack and – at the 

same time – the slip and separation at the concrete/steel interface very accurately. Values assigned 

to the input parameters used for the numerical model are all within reasonable levels. Based on 

those observations it may be concluded that the numerical model is based on correct physical 

assumptions.  

The proposed numerical model may be an important tool for assessment of the relationship 

between applied load and the damage formation in reinforced concrete, which may be used for 

future guidelines for the service life design of reinforced concrete structures accounting for the 

formation of damage in the concrete cover. 

Keywords: Numerical simulations, Fracture mechanics, Load-induced damage, 

Service Life Design, Fibre reinforced concrete. 

 



 

Introduction 

Reinforced concrete is the most widely used man-made construction material 

around the World for structures in the civil infrastructure. The serviceability of 

such structures is strongly related to the integrity, which is controlled by the 

durability. The deterioration of reinforced concrete structures is caused by a 

number of mechanisms such as freeze-thaw reactions, alkali-silica reactions and 

reinforcement corrosion, of which corrosion is the predominant deterioration 

mechanism [Rendell et al., 2002]. 

Corrosion of reinforcement occurs due to the ingress of de-passivating substances 

such as CO2 and/or Cl-. The ingress rate of those substances is strongly promoted 

by cracks in the concrete cover, which may be formed due to eg mechanical 

loading and/or shrinkage, since they act as pathways for the de-passivating 

substances [Wang et al., 1994], [Edvardsen, 1999] and [Aldea et al., 1999]. The 

formation of cracks in concrete is effectively inevitable due to the brittle nature of 

concrete. 

The identification of the predominant role of cracks in the concrete on the 

transport of de-passivating substances led to different formulations of the 

correlation between the damage of the concrete and the risk of reinforcement 

corrosion. Such formulations are vitally necessary for proper design of durable 

reinforced concrete structures. 

One of those formulations is based on the hypothesis that the risk of 

reinforcement corrosion is correlated to the crack mouth opening displacement 

(CMOD) at the concrete surface eg [Schießl and Raupach, 1997] and [Mohammed 

et al., 2011]. The proposed models for that relationship show rather good 

correlation for exposure times less than approx. three years. However, other 

experimental observations by eg Kennedy [Kennedy, 1956] and Francois and 

Arliguie [Francois and Arliguie, 1998] show no correlation at all between crack 

width and risk of reinforcement corrosion. 

Bearing those observations in mind, it was proposed by Tammo and 

Thelandersson [Tammo and Thelandersson, 2009a] and [Tammo and 

Thelandersson, 2009b] that the risk of reinforcement corrosion is controlled by 

the crack opening displacement (COD) at the level of the reinforcement, which is 

poorly correlated with the CMOD eg due to the formation of concrete cones 



 

around the reinforcement, cover thickness, rebar-concrete bond etc.. A similar 

approach for the formulation of the risk of reinforcement corrosion due to damage 

of the concrete cover was suggested by Pease et al. [Pease et al., 2006] and 

[Pease et al., 2011] proposing that the damage along the concrete/steel interface is 

a more fundamental measure than the CMOD at the concrete surface to describe 

the susceptibility of reinforcement corrosion. Results presented in [Pease et al., 

2011] are supported by observations presented in [Win et al., 2004] showing that 

damage along the reinforcement results in a lateral ingress of chloride ions 

increasing the risk of reinforcement corrosion significantly. 

Photogrammetric observations of the damage formation at the concrete/steel 

interface presented in [Pease et al., 2006] show that significant damage is induced 

at the concrete/steel interface, and similar observations are presented by Solgaard 

et al. [Solgaard et al., 2012] concerning reinforced concrete beams made from 

both plain concrete (PC) and Steel Fibre Reinforced Concrete (SFRC). 

A numerical model for this damage formation is required to allow for design of 

durable reinforced concrete structures. The model should consider the formation 

of a bending crack through the concrete cover towards the reinforcement and 

damage at the concrete/steel interface caused by applied flexural load. The 

damage at the concrete/steel interface consists of slip, the displacement 

discontinuity parallel to the rebar surface and separation, the displacement 

discontinuity perpendicular to the rebar surface.   

Previous work concerning formation of damage at the concrete/steel interface in 

conventional reinforced concrete beams subjected to mechanical loading has 

mainly focused on the slip behavior eg [Tammo and Thelandersson, 2009a] 

whereas the separation along the reinforcement has not investigated to the same 

extent. 

The present paper describes a numerical FE based model for the prediction of 

load-induced damage of reinforced concrete specimens subjected to flexural load, 

viz. three point bending test (3 PBT). The numerical model describes the initiation 

and propagation of a main bending crack from the tensile surface of the concrete 

towards the reinforcement and the slip and separation at the concrete/steel 

interface. The presented numerical model is based on the fictitious crack model 

described by Hillerborg et al. [Hillerborg et al., 1976] taking the fracture 

mechanical properties of the concrete matrix into account. The numerical model is 



 

compared to experimental results initially presented in [Solgaard et al., 2012]. 

Results from the numerical model may be used for further analysis of the 

relationship between load, CMOD and slip and separation along the reinforcement 

for reinforced concrete structures. Additionally, the results concerning the load-

induced damage formation obtained by the use of this model were compared to 

the extent of corrosion along the reinforcement in cracked concrete (PC and 

SFRC) exposed to sea water by Michel et al. [Michel et al., 2012]. Results 

presented in that reference shows that the extent of damage along the 

reinforcement correlates with the area where corrosion is electrochemical favored. 

This observation may lead to a further understanding of the correlation between 

load-induced damage in reinforced concrete structures and the risk of corrosion 

along the reinforcement. Moreover, this could potentially lead to the formulation 

of models for service life design of reinforced concrete structures taking the 

correlation between load-induced damage formation and risk of corrosion into 

account. 



 

Model description 

The numerical model simulates slip and separation at the concrete/steel interface 

associated with crack formation in the concrete cover for reinforced concrete 

beams loaded in three point bending assuming 2D plain strain and discrete crack 

formation. The complete model is established by combining a serial and parallel 

model. The location of the main bending crack, viz. at the centre of the reinforced 

concrete beams, is predefined. The modelling approach for the main bending 

crack and the slip and separation at the concrete/steel interface is illustrated in 

Figure 1:  

Figure 1: a) Illustration from photogrammetric assessment of the load-induced damage formation 

in reinforced concrete specimens [Solgaard et al., 2012]. b) Concept of the serial-parallel model 

simulating cracking, slip and separation at concrete/steel interface. The illustration is not in scale. 

Inspired by [Olsen, 2010].  

 

A photogrammetric image of the reinforced concrete specimen is shown in Figure 

1(a) whereas Figure 1(b) illustrates the details of the modelling approach at the 

centre of the specimen, viz. the serial-parallel model. To simulate the slip and 

separation at the concrete-reinforcement interface as well as cracking in the 

concrete domain a number of zero thickness interface elements (in serial and 



 

parallel connection) are incorporated in the model, cf. Figure 1(b). The upper and 

lower parts of the concrete body are connected through a concrete interface at the 

reinforcement level. In addition, the reinforcement, represented by beam elements, 

is connected to the lower and upper concrete body respectively through a serial 

connection of bond-slip and separation interfaces. The reinforcement and the 

remaining part of the concrete domain have linear elastic properties assigned. The 

various interface elements shown in Figure 1(b) are described in the following. 

Formation and propagation of the main bending crack in the concrete domain is 

based on the fictitious crack model [Hillerborg et al., 1976]. The mechanical 

properties of the “crack interface elements” in the concrete domain cf. Figure 1(b) 

are defined using a so-called cohesive relationship and described as follows: 

 

              Pre cracked state
                 Cracked state

     (1) 

 

where σε is the elastic stress, Ec is the Young’s modulus of concrete, ε is the 

elastic strain, σw(w) the normal bridging stress as a function of the crack width w, 

g(w) is the dimensionless cohesive relationship and ft is the concrete tensile 

strength. Multi-linear softening relations adopted from [Skoček and Stang, 2010] 

are used to describe the dimensionless cohesive relationship, g(w): 

 

   with      and   1, … ,    (2) 

 

where ai describes the slopes of the cohesive branches, bi the intercepts between 

the cohesive branches and wi is defined as follows: 

 

   with   1, … , 1   and      (3) 

 

where wcrit is the critical crack width. For w > wcrit the crack is considered stress-

free. 

The concrete interface connecting the upper and lower concrete body, cf. Figure 

1(b), is described by the same mechanical properties as the main bending crack 

given above. This concrete interface is incorporated in the model to account for 

the formation of radial cracks around the reinforcement which are not simulated 



 

by the model. These radial cracks allow for the separation at the concrete/steel 

interface and consequently they have to be accounted for in the model to simulate 

the damage process. 

The numerical model presented herein, is a 2D model, cf Figure 1, though the 

problem is 3D. In order to comply with this problem, the aforementioned concrete 

interface between the upper and lower parts of the concrete domain accounts for 

the properties in the remainder of the cross section where there is concrete. 

Separation at the concrete/steel interface is described similar to the main bending 

crack, viz. by the use of a cohesive relationship describing the bridging stress and 

the crack width cf. Eq (1)-(3). However, for the separation interface elements the 

cohesive relationship is linear descending, n =1 in Eq. (2)-(3). 

Finally, the bond-slip interface, which accounts for sliding at the concrete/steel 

interface, cf. Figure 1(b), is described by a cubic-relationship between the shear 

stress and slip, proposed by Dörr [Dörr, 1980]. For a given value of slip, the so-

called constant slip value, dt0, the relationship attains a constant relationship, cf. 

Eq. (4): 

 

1.4 4.5 5

1.9                                                              
 for    0

        
   (4) 

 

where dt is the slip and tt is the shear stress (bond). 

Typical mechanical properties of the different interface elements, cf. Figure 1(b), 

are illustrated in Figure 2: 

  



 

(a) (b) 

  

(c) 

 

Figure 2: (a) normal stress-separation law for cracking in concrete domain, (b) normal stress-

separation law for separation between concrete and reinforcement and (c) shear stress-slip relation 

between concrete and reinforcement. 

 

The relationships of the various interface elements given in Figure 2(a)-(c) are not 

representative for all simulations described in the following sections. However, 

the illustration serves as a visual representation of Eq. (1)-(4). 

The three latter interfaces, viz. the concrete interface between the upper and lower 

part of the concrete domain, the bond-slip relationship and the separation interface 

are modelled along the entire concrete/steel interface, while the crack interface is 

only located at the centre of the reinforced concrete specimen, cf. Figure 1. 

The numerical model, viz. the serial-parallel model shown in Figure 1(b), was 

constructed, so that physical meaningful values can be assigned to the various 

interfaces to simulate cracking, slip and separation. 

It is seen from Figure 1b and the descriptions given above, that the formation of 

slip and separation at the concrete/steel interface are modelled as two independent 

processes. The authors’ are aware of the fact that this is not the case since these 

processes are linked in a so-called mixed-mode fracture behaviour. The mixed-



 

mode behaviour has been described by eg Carol et al. [Carol et al., 1997], 

Lourenco and Rots [Lourenco and Rots, 1997] and Nielsen et al. [Nielsen et al., 

2010]. However, there still lacks a proper formulation of this mixed-mode 

behaviour which can be implemented in FEM simulations. 

A description of the values assigned to various parameters such as dt0 and β are 

given in a separate section along with sensitivity analyses of the influence of eg 

the strength of the separation interface ft,sep. 

 

Details on numerical model 

Numerical simulations described in the present paper were carried out by the use 

of the commercially available FEM software package DIANA. Details on the 

numerical model such as the meshing, element types etc. are described in the 

following. Note that due to symmetry considerations only half of the reinforced 

concrete beam is modelled to reduce computational time. As previously 

mentioned, the numerical model is compared to experimental results concerning 

initiation of bending crack and formation of slip and separation along the 

reinforcement reported in [Solgaard et al., 2012]. The experimental observations 

were determined from flexural loading (3PBT) of 150 x 150 x 650 mm (h x w x l) 

reinforced concrete specimens. 

The numerical model was solved by the use of the commercial available software 

DIANA with 1184 quadrangular elements and 2353 nodes. The interface 

accounting for the simulations of the main bending crack (black interface in 

Figure 1) is divided into two lines, viz. one below and one above the 

reinforcement, each consisting of 60 elements. The number of elements in the 

interface accounting for the bond-slip behaviour (purple interface in Figure 1) is 

98, which is the same number of elements used for the interface accounting for 

the separation at the concrete/steel interface (yellow interface in Figure 1).  

The number of elements in the three different interfaces, cf. Figure 1, has proven 

sufficient in a convergence analysis as will be seen in the following section. 

  



 

Sensitivity and convergence analyses of the numerical model 

The analysis given in the following concern convergence analyses of the number 

of elements utilized for the different interfaces given in the model, viz. interfaces 

accounting for main bending crack, bond-slip and separation behaviour, 

respectively. The maximum number of line divisions of an interface, and thereby 

maximum number of elements, is 98 in the FE software. Moreover, analyses 

concerning parameters, which are used to fit the experimental data, are presented 

in the following. 

Material properties for SFRC with 1.0 vol.-% steel fibres were used for all the 

results from numerical simulations concerning the analyses given in the present 

section. The analyses presented in the following have been carried out for one 

load level, viz. 50 KN. However, other load levels have been investigated 

showing similar results. 

Main bending crack interface  

As previously described the interface for the main bending crack (black interface 

in Figure 1) consists of the same number of elements below and above the 

reinforcement, viz. 60 elements in each of those two interfaces summing up to a 

total of 120 elements. A convergence analysis of the number of elements below 

the reinforcement in the main bending crack is given in Figure 3. 

 

Figure 3: Normalized results from convergence analyses 

of number of elements in main bending crack. 

 

Figure 3 shows the change in CMOD for a given number of elements normalized 

to the CMOD for 98 elements. 



 

It is clear from the results presented in Figure 3 that the number of elements in the 

main bending crack interface has a minor influence on the results of the numerical 

simulations. The relative change is approx. 1‰ when decreasing the number of 

elements from 98 to 60. Thus it is concluded that the number of elements used for 

the numerical simulations presented in the following is sufficient. 

Number of elements in the slip and separation interfaces 

The number of elements in the slip and separation interfaces was varied in order 

to analyse the convergence of the model. The results from those simulations are 

given in Figure 4 and 5 for slip and separation, respectively. 

 

Figure 4: Normalized results from convergence analyses 

of the number of elements in the slip interface. 

 

Figure 5: Normalized results from convergence analyses 

of the number of elements in the separation interface. 

 



 

From Figure 4 it is seen that the slip does not change significantly when the 

number of elements in that interface is increased from 50 to 98. Consequently the 

number of elements used within this simulation approach is sufficient.  

From Figure 5 it is seen, that the separation is changed less than 5 ‰ by 

increasing the number of elements from 60 to 98. Thus it is reasonable to 

conclude that the number of elements used for the numerical simulations, viz. 60, 

is sufficient. 

Tensile strength of slip interface 

The tensile strength of the slip interface (purple interface in Figure 1) was varied 

to analyse the influence on the slip along the reinforcement for various load 

levels. The slip 10 mm from the centre of the main bending crack at the level of 

the reinforcement is calculated for various values of this slip strength and shown 

in Figure 6 along with experimental results reported in [Solgaard et al., 2012] 

 

Figure 6: Slip 10 mm from centre of main bending crack, 

Numerical simulations for different values of ft,slip along 

with experimental results from 1.0 vol.-% SFRC reported 

in [Solgaard et al., 2012]. 

Results given in Figure 6 clearly indicate that the numerical model is capable of 

simulating the slip very accurate. Regardless of the value assigned to the tensile 

strength of the slip interface, ft,slip, the slip is initiated for the same load level 

applied. However, it is also clear, that the propagation of the slip is very sensitive 

to changes in the value assigned to ft,slip, cf. Figure 6. 

Similar analysis of the influence of the tensile strength of the separation interface, 

ft,sep, were carried out where similar results were observed. However, these 

convergence analyses are not given in the present paper. 



 

Value of constant slip  

As previously described, the slip at the concrete/slip interface is modelled by 

Dörr’s model, cf. Eq. (4). It is seen from Eq. (4) that the shear stress-slip 

relationship attains a constant level for a given slip, dt0. The influence of the 

magnitude of dt0 was analysed assigning different values to dt0 and model the 

corresponding slip at the concrete/steel interface. The results presented in the 

following correspond to the slip 10 mm from the centre of the main bending crack 

at the level of the reinforcement. The results from theses numerical simulations 

are presented in Figure 7 along with experimental data from 1.0 vol.-% SFRC 

reported in [Solgaard et al., 2012]: 

 

 

Figure 7: Slip 10 mm from centre of main bending crack, 

Numerical simulations for different values of dt0 along 

with experimental results from 1.0 vol.-% SFRC reported 

in [Solgaard et al., 2012]. 

As seen in Figure 7 the numerical model is capable of simulating the slip 10 mm 

from the centre of the main bending crack accurately. Moreover it is clear that 

higher value assigned to dt0 results in numerical simulations overestimating the 

slip, which is in accordance with the nature of the modelling approach of the slip 

behaviour given by Eq. (4). 

  



 

Limitations for numerical simulations 

The proposed numerical model is based on the fictitious crack model, which 

originally was proposed by Hillerborg et al. [Hillerborg et al., 1976]. Thus the 

numerical model is based on the assumption of discrete crack formation due to the 

applied load. As multiple cracking may occur, especially when considering SFRC, 

the results concerning the formation of the main bending crack predicted by the 

numerical model may be too conservative. However, as will be seen, the 

numerical model is capable of fitting the experimentally observed cracking details 

in a very convincing way. 

The numerical model simulates the slip and separation, caused by the applied 

flexural load, along the reinforcement. Subsequently, the relative displacements of 

the elements of the different interfaces, cf. Figure 1, are evaluated to analyse the 

bond-slip and separation. Thus, the final results concerning the slip-length and 

separation-length are based on an interpretation of the deformations of the 

elements in the interfaces. The interpretations are based on the relative 

displacements between two nodes within an element at the interface for each load 

step. The bottom part of that element is connected to the reinforcement whereas 

the top part of that element is connected to the surrounding concrete. This is 

explained from Eq. (5)-(6) for slip and separation respectively: 

 

∆ ∆ ,        (5) 

∆ ∆ ,        (6) 

 

where indices i and j refer to the node in the top and bottom of the element, 

respectively and indices x and y relate to the coordinate system. The x-axis of this 

coordinate system is aligned with the direction of the reinforcement. Δux,e and 

Δuy,e are the elastic deformations in the two principle directions, ie parallel with 

and perpendicular to the reinforcement respectively. These elastic deformations 

are controlled by the elastic stiffness of the elements. A high value for the elastic 

stiffness has been assigned to these elements in the numerical model and 

consequently the elastic deformations are negligible (less than 1 μm). 

Consequently the elastic part of Eq. (5) and (6) vanish.  

A non-physical fitting parameter has been applied to the simulations concerning 

the separation at the concrete/steel interface. This non-physical fitting parameter 



 

does not influence the slip and the opening of the main bending crack, but has 

been incorporated to the model to account for the fact that the formation of the 

slip and the separation at the concrete/steel interface are linked processes (mixed 

mode fracture), whereas the numerical model simulates those as independent 

processes.  

Parameters 

The numerical model described in the present paper is tested by comparisons with 

experimental observations obtained by Solgaard et al. [Solgaard et al., 2012] 

concerning 3PBT of reinforced concrete beams cast from PC, 0.5 vol.-% SFRC 

and 1.0 vol.-% SFRC. The geometry of those beams is shown in Figure 8 and the 

dimensions of the specimen are given in Table 1. 

 

Figure 8: Geometry of specimens used for verification of numerical model: Left: Perspective view 

of reinforce concrete beam. Right: Cross section of reinforced concrete beam. 

Table 1: Measures of specimens used for verification of numerical model. 

H [mm] 150 

W [mm] 150 

C [mm] 60 

Ø [mm] 12 

L [mm] 650 

 

Experimental observations of CMOD, slip and separation caused by the flexural 

loading was measured by the use of photogrammetric equipment. The right side of 

the specimen was cut off leaving a minute concrete cover on the side of the 

reinforcement allowing for such measurements. Although these observations were 



 

assessed from specimens slightly different than those used for the numerical 

simulations it is assumed that the load-induced damage in those two different 

specimens is somewhat similar. Further information about the properties of the 

concrete, casting procedure, experimental procedure, etc. is available in [Solgaard 

et al., 2012]. The fracture mechanical properties of the concrete matrix, which are 

used for the numerical simulations of load-induced damage formation in beams 

cast from PC or SFRC (0.5 and 1.0 vol.-%), are given in Figure 9 and  

 

Figure 9: Cohesive relationships for PC and SFRC (0.5 

and 1.0 vol.-%). From [Solgaard et al., 2012]. 

Table 2. 

 

Figure 9: Cohesive relationships for PC and SFRC (0.5 

and 1.0 vol.-%). From [Solgaard et al., 2012]. 

Table 2: Mechanical properties of “bending crack”-interface elements. Data from [Solgaard et al., 

2012]. 

 PC SFRC 

 0.0 vol.-% 0.5 vol.-% 1.0 vol.-% 

ft [MPa] 1.8 1.7 1.7 

wcrit [mm] 1.0 6.1 30 



 

Gf [J/m2] 400 4700 13000 

 

The tensile strength of the slip and separation interfaces and the constant slip are 

the only parameters fitted for the numerical simulations and the values assigned 

for those simulations are presented in Table 3: 

 
Table 3: Mechanical properties of slip and separation interfaces. 

 PC SFRC 

 0.0 vol.-% 0.5 vol.-% 1.0 vol.-% 

ft,slip [MPa] 2.57 1.10 2.31 

ft,sep [MPa] 0.03 0.03 0.03 

dt0  [mm] 0.15 0.15 0.15 

  



 

Results 

Results of the numerical model for load-induced damage in the concrete cover and 

slip and separation in the concrete/steel interface presented above were compared 

to experimental observations. The section provides information concerning: 

- CMOD at the concrete tensile surface vs. applied load 

- Separation at concrete/steel interface vs. applied load 

- Slip at concrete/steel interface vs. applied load 

- Extent of slip and separation vs. applied load 

for all concrete compositions previously described. All the numerical results are 

presented along with experimental results, originally published by Solgaard et al. 

[Solgaard et al., 2012], except for the simulations concerning the extent of slip 

and separation, since no experimental results are available for those observations. 

The numerical simulations and comparisons with the experimental results 

presented in the following correspond to the formation of the main bending crack 

up-to CMOD = 0.5 mm and a rebar stress of 192 MPa (PC), 131 MPa (SFRC 0.5 

vol.-%) and 186 MPa (SFRC 1.0 vol.-%). Hence the rebar is in the elastic state. 

Results presented for the formation of slip and separation along the concrete/steel 

interface correspond to that load level. However, it should be noted, that 

numerical simulations have been carried out until failure of the specimen, and the 

results, though not presented here, correlate very well with the experimental 

results. 

In general, the numerical simulations are presented by solid lines whereas the 

experimental results are presented by diamonds in the following figures. 

Moreover it is noted, that the same axes have been used for the three different 

concrete compositions to illustrate the differences in the CMOD, separation and 

slip caused by the addition of relatively small amounts of steel fibres. 

Formation of the main bending crack 

The experimental and numerical results concerning the CMOD vs. applied load 

for specimens from PC, 0.5 vol.-% SFRC and 1.0 vol.-% SFRC are presented in 

Figure 1010 - Figure 12. 



 

 

Figure 10: Numerical simulations and 

experimental results of the CMOD-load 

relationship for PC. 

 

Figure 11: Numerical simulations and 

experimental results of the CMOD-load 

relationship for 0.5 vol.-% SFRC. 

 

Figure 12: Numerical simulations and 

experimental results of the CMOD-load 

relationship for 1.0 vol.-% SFRC. 

  



 

Separation at the concrete/steel interface 

Numerical and experimental observations concerning the separation at the 

concrete/steel interface are illustrated in Figure 13 – Figure 15. The observations 

show the separation between concrete and reinforcement located 10 mm away 

from the main bending crack. 

 

 

Figure 13: Numerical simulations and 

experimental results of the separation-load 

relationship for PC. 

 

Figure 14: Numerical simulations and 

experimental results of the separation-load 

relationship for 0.5 vol.-% SFRC. 

 

Figure 15: Numerical simulations and 

experimental results of the separation -load 

relationship for 1.0 vol.-% SFRC. 

  



 

Slip at the concrete/steel interface 

The slip at the concrete/steel interface as a function of the applied load (3PBT) is 

presented in Figure 16 – Figure 18. The presented simulations and experimental 

observations show the slip between concrete and reinforcement located 10 mm 

away from the main bending crack. 

 

Figure 16: Numerical simulations and 

experimental results of the slip-load 

relationship for PC 10 mm from the main 

bending crack. 

 

Figure 17: Numerical simulations and 

experimental results of the slip-load 

relationship for 0.5 vol.-% SFRC, 10 mm from 

the main bending crack. 

 

Figure 18: Numerical simulations and 

experimental results of the slip-load 

relationship for 1.0 vol.-% SFRC, 10 mm 

from the main bending crack. 

  



 

Extent of separation along the concrete/steel interface 

The extent of the separation along the concrete/steel interface is shown in Figures 

19 - 21 for PC, 0.5 vol.-% SFRC and 1.0 vol.-% SFRC, respectively. Separation at 

the concrete/steel interface is assumed when the difference in the deformation 

between the top node and the bottom node of an element connected to the 

reinforcement and the surrounding concrete reaches Δuy = 5 μm. 

 

Figure 19: Numerical simulations of the extent 

of separation along the reinforcement for PC. 

 

 

Figure 20: Numerical simulations of the extent 

of separation along the reinforcement for 0.5 

vol.-% SFRC. 

 

Figure 21: Numerical simulations of the 

extent of separation along the reinforcement 

for 1.0 vol.-% SFRC. 

  



 

Extent of slip at the concrete/steel interface 

The extent of slip along the concrete/steel interface has been simulated for all 

three concrete compositions. An element is considered “slipped” when the 

difference in the deformation in the y-direction between the top and bottom nodes 

of an interface element connecting the reinforcement and the surrounding concrete 

is Δux = 10 μm. 

 

Figure 22: Numerical simulations of the extent 

of slip along the reinforcement for PC. 

 

 

 

Figure 23: Numerical simulations of the extent 

of slip along the reinforcement for 0.5 vol.-% 

SFRC. 

 

Figure 24: Numerical simulations of the 

extent of slip along the reinforcement for 1.0 

vol.-% SFRC. 

Note that the numerical simulations were carried out for half of the beam, ie the 

length is 325 mm. Thus the flat plateau which is eventually reached in Figure 22 – 

Figure 24 corresponds to full slip along the concrete/steel interface. 

  



 

Discussion 

The discussions presented in the following concern the correlation between the 

experimental observations and the numerical simulations for CMOD, slip and 

separation. Additionally, the approach for the simulations, ie the numerical model 

presented above, is discussed. The sensitivity of the numerical model is not 

discussed any further, since this was done previously. 

Fracture mechanical properties 

The fracture mechanical properties of the interfaces shown in Figure 1 are given 

in  

 

Figure 9: Cohesive relationships for PC and SFRC (0.5 

and 1.0 vol.-%). From [Solgaard et al., 2012]. 

Table 2 and Table 3. The properties given in  

 

Figure 9: Cohesive relationships for PC and SFRC (0.5 

and 1.0 vol.-%). From [Solgaard et al., 2012]. 

Table 2, ie the tensile strength of the concrete domain, the fracture energy and the 

critical crack width have been obtained from experimental analyses and it is clear 



 

that the addition of fibres does not have a significant impact on the tensile strength 

of concrete, whereas the ductility, described from the fracture energy and the 

critical crack width are significantly increased by the addition of such relatively 

small amounts of fibres. The observations concerning the crack width and fracture 

energy are in accordance with observations presented by eg Löfgren et al. 

[Löfgren et al., 2005] and Kazemi et al [Kazemi et al., 2007]. 

The properties of the slip and separation interfaces are given in Table 3. Those 

properties have been estimated by the numerical model to fit the experimental 

data. The values used for the tensile strength of the slip interface of the different 

concrete compositions are in the same order of magnitude (1.1 MPa – 2.57 MPa). 

However, there is no clear correlation between the fibre content and the fitted 

tensile strength of the slip-interface. 

The strength of the separation interface is constant for all three concrete 

compositions investigated, viz. ft,sep = 0.03 MPa. The strength of the separation-

interface is very low compared to that of the slip-interface and the tensile strength 

of the interface for the main bending crack. This separation interface describes the 

chemical bond between the concrete and steel and such values have to the best of 

the authors’s knowledge not been described in the literature. Furthermore, 

numerical simulations on the impact of ft,sep showed no influence on the formation 

of the horizontal crack along the reinforcement. Hence the separation is controlled 

by the formation of internal cracks caused by local stress transfer from the 

reinforcement to the concrete via the ribs as previously described, and this is 

accounted for by the interface connecting the upper and lower parts of the 

concrete body, as previously described.  

CMOD 

The correlation between the main bending crack and the applied load, is well 

reproduced by the numerical model, cf. Figure 10 - Figure 12. In general, the 

model underestimates the CMOD-load relationship. However, the difference 

between the numerical and –experimental results is not significant. Comparing the 

experimental results for the three concrete compositions, it is seen that the crack is 

initiated for approx the same load level, viz. approx 15-18 KN. The numerical 

model is capable of fitting the crack initiation and the crack width increase as a 

function of the applied load for all the concrete compositions. Further, the 



 

reduction in CMOD for the SFRC specimens compared to the PC specimen at the 

same load seen from the experimental observations is captured by the numerical 

model. 

It is underlined that any differences between the numerical simulations and the 

experimental results may be caused by in-accuracies in the fracture mechanical 

properties of the concrete given in Table 2 and Figure 9. Those values are 

determined independently, from experimental observations, as previously 

described, and are not fitted within the present numerical model. 

Separation 

The formation of separation at the concrete/steel interface 10 mm away from the 

main bending crack is seen from Figure 13 - Figure 15. The relationship between 

the applied load and the slip observed from the numerical simulations is 

reproduced very accurately by the numerical model for all three concrete 

compositions. However, the numerical simulations for 0.5 vol.-% SFRC 

underestimate the separation-load relationship slightly. 

Comparing the experimental results for the CMOD-load and the separation-load 

relationships for each concrete composition, it is seen that separation at the 

concrete/steel interface does not take place before the main bending crack has 

been initiated. It is also seen by comparisons of the same figures, that the 

numerical model simulates this phenomenon very well, though this relation has 

not been set as a prerequisite in the numerical model. This indicates that the 

numerical model reproduces the load-induced damage formation physically 

correct. Moreover, the experimental and the numerical results indicate that the 

separation at the concrete/steel interface is controlled by the rotation of the 

specimen caused by the applied load, since the initiation of the separation at the 

concrete/steel interface is only marginally affected by the addition of fibres. 

Finally, as previously explained, this separation is controlled by the properties of 

the interface connecting the upper and lower parts of the concrete body, as this 

accounts for the formation of internal cracks which are known to control the 

separation. 



 

Slip 

The slip formation at the concrete/steel interface 10 mm from the main bending 

crack is shown in Figure 16 - Figure 18. It is clear that the numerical simulations 

capture the experimental observations very well, though the relationship is 

slightly overestimated for PC, cf. Figure 16. The scatter in the experimental 

observations for 0.5 vol.-% SFRC is most likely due to the limited resolution of 

the experimental optical/digital technique. Moreover, it is seen by comparisons of 

the experimental results concerning the slip at the concrete/steel interface and the 

CMOD-load relationships, that slip does not take place at the concrete/steel 

interface before the main bending crack is initiated. The numerical model is 

capable of simulating the on-set of slip at the concrete/steel interface as well as 

the slip-propagation due to increased load applied. 

Extent of separation and slip 

The separation and slip along the reinforcement was simulated assuming threshold 

values of Δux = 10 μm and Δ uy = 5μm for the separation and slip, respectively, cf. 

Figure 19 - Figure 24. These values correspond to the resolution of experimental 

results obtained by the use of photogrammetric equipment, eg [Solgaard et al., 

2012]. 

It is seen from Figure 19 - Figure 21 that the separation is not initiated for the 

same load level applied to the three concrete compositions, and that the separation 

propagates at approximately the same rate along the reinforcement in 0.5 vol.-% 

SFRC and 1.0 vol.-% SFRC whereas the separation rate along the reinforcement 

is higher for PC. It can be assumed, based on those observations that separation at 

the concrete/steel interface does not initiate before the main bending crack reaches 

the reinforcement. Comparing the three figures it may be concluded that the 

addition of fibres leads to a decrease in the propagation rate of the separation 

along the reinforement. 

The analysis concerning the extent of slip along the concrete/steel interface, cf. 

Figure 22 - Figure 24, reveal that the slip is initiated for the same load level for 

SFRC whereas the load level required to form slip in PC is slightly lower. Once 

the slip at the concrete/steel is initiated the propagation of the slip along the 

reinforcement is lower for SFRC compared to PC. That may indicate that the 

addition of fibres prevent the slip formation at the interface. 



 

The numerical simulations are not verified with experimental data, as that is not 

available and given that the results presented in Figure 19 - Figure 24 solely 

depends on the limits for the interpretation of whether an element is slipped or 

separated the results cannot be discussed any further. Conseqeuntly the results 

presented in Figure 19 - Figure 24 should be interpreted with precaution since 

they are not supported by experimental observations. 

General discussion 

The numerical simulations and the experimental results presented and discussed 

reveal that the separation and slip along the concrete/steel interface are not two 

independent phenomena as proposed by the numerical model, cf. Figure 1. The 

fracture process is a mixed-mode process, ie the two processes are linked as 

previously discussed. A non-physical fitting parameter was implemented in the 

model to account for this problem. The same value was assigned to this non-

physical fitting parameter for all of the numerical simulations presented. This 

indicates that this parameter accounts for a problem related to the basis of the 

model since its value is constant regardless of the concrete properties.  

  



 

Conclusion 

Based on the numerical simulations and the comparisons of those with 

experimental data it can be concluded: 

- A numerical model for the formation of load-induced damage of 

reinforced concrete subjected to 3PBT has been established. The 

numerical model simulates the formation of a main bending crack through 

the concrete cover and damage along the reinforcement (separation and 

slip) and is based on non-linear fracture mechanics (fictitious crack model 

and general cohesive fracture mechanics). 

- Sensitivity analysis of the numerical model has revealed that the initiation 

of slip at the concrete/steel interface is independent of the tensile strength 

of the slip interface, fst,slip. However, once slip is initiated the propagation 

of the slip is dependent on the tensile strength of this interface. 

- The bond-slip behavior utilized for the numerical model, is adequate for 

the formulation of the relationship. The relationship is cubic and attains a 

constant level of bond for a given slip, dt0. The numerical model is very 

sensitive to changes in the value assigned to dt0. 

- The correlation between the results from the numerical model and the 

experimental results is very good for all three damage mechanisms 

analysed. Additionally the input parameters for the fracture mechanical 

behavior of the three interfaces utilized for the three mechanisms have 

values assigned that are taken directly from independent testing or appears 

to be in the correct order of magnitude. This emphasizes that the numerical 

model reproduces the physical processes, ie the damage formation 

correctly and that the model is based on a physical correct basis. 
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a b s t r a c t

Cracks in covering concrete are known to hasten initiation of steel corrosion in reinforced concrete struc-
tures. To minimise the impact of cracks on the deterioration of reinforced concrete structures, current
approaches in (inter)national design codes often limit the concrete surface crack width. Recent investiga-
tions however, indicate that the concrete-reinforcement interfacial condition is a more fundamental cri-
terion related to reinforcement corrosion. This work investigates the relation between macroscopic
damage at the concrete-steel interface and corrosion initiation of reinforcement embedded in plain
and fibre reinforced concrete. Comparisons of experimental and numerical results indicate a strong cor-
relation between corrosion initiation and interfacial condition.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete reinforced with steel bars is nowadays the most used
manmade construction material in the world. Embedding steel in
concrete has several advantages and helps to overcome shortcom-
ings of both materials. Concrete has a high compressive strength,
but a low tensile strength and is therefore reinforced for structural
purposes, while the steel is protected by the concrete from poten-
tially harmful environmental exposure. Usually, the reinforcement
in uncracked concrete is protected due to the high alkalinity (pH
around 13) [1] and the concrete cover as a physical barrier itself
against the ingress of corrosion initiating substances, such as
water, chloride ions, carbon dioxide and oxygen. In the case of un-
cracked and uncontaminated concrete, the quality and thickness of
the concrete cover are the most influential factors for reinforce-
ment corrosion. In practice however, cracks can be found in nearly
all reinforced concrete structures originating from hygral or ther-
mal shrinkage and/or mechanical loading.

Within the past decades, numerous investigations on the
impact cracks have on the ingress of corrosion initiating sub-
stances and reinforcement corrosion have generally concluded that
cracks facilitate rapid ingress [2–9] and subsequently reduce the
time to corrosion initiation. Both laboratory studies [10–15] and

in situ observations [16–20] have noted an expedited corrosion
initiation in cracked concrete compared to pristine concrete.
Commonly used approaches, see e.g. [10,11,13–17,19,20], attempt
to relate corrosion initiation and propagation to the concrete sur-
face crack width. Thus, controlling concrete surface crack widths
has become the norm to attempt to minimise the impact of cracks
on corrosion-induced deterioration in structural design codes and
recommendations [21–27]. Various probabilistic, empirical, and
quasi-analytical cracking models are utilised in these structural
design codes to predict crack widths based upon numerous
geometric and stress (or strain) parameters. However, predicted
and observed crack widths can vary significantly [28]. Further, a
number of studies (both from laboratory and in situ observations)
indicate that the concrete surface crack width alone cannot
accurately assess the impact of cracks on reinforcement corrosion
as other factors, such as concrete cover thickness [13,17], concrete
composition (in particular water-to-cement ratio [11,13,29–31]
and addition of supplementary cementitious materials
[10,32,33]), stress level in the reinforcement [34], and crack
orientation [35] alter the influence of the crack width on reinforce-
ment corrosion.

One possible explanation for the lacking relationship between
concrete surface crack width and reinforcement corrosion behav-
iour is that the surface crack width alone does not reliably describe
the condition of the concrete-reinforcement interface [36,37]. The
condition of the concrete-reinforcement interface appears to be a
more fundamental criterion than the concrete surface crack width
influencing the corrosion protection ordinarily provided by
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concrete. Several references report accelerated corrosion initiation
and relatively excessive cross-sectional reductions (compared to
reinforcement with good cohesion with concrete) take place at
sites of various interfacial defects, including entrapped or cast-in
voids [38–41], casting joints [42], spalled concrete [20], and inter-
facial slip and separation caused by mechanical loading [43]. Re-
sults of experimental studies indicate that such interfacial
defects at the concrete-reinforcement interface reduce the critical
chloride threshold for corrosion initiation, see e.g. [38,41]. This,
coupled with the increased ingress of corrosion-initiating sub-
stances associated with concrete cracks described above, clearly
illustrates the potential deleterious impact of concrete cracks on
reinforced concrete structures.

The main focus of this study was to test the hypothesis that
controlling the concrete-reinforcement interfacial condition can
be used as a single indicator for the impact of cracks on the risk
of corrosion initiation along the reinforcement. The relation be-
tween interfacial damage and risk of corrosion initiation along
the reinforcement was investigated for plain (PC) and steel fibre
reinforced concrete (SFRC) beams subjected to flexural loading. A
numerical model, developed and calibrated using specimens with
similar geometries and identical materials, provided estimates on
the extent of interfacial damage for the applied loads and mea-
sured surface crack widths. The impact of concrete cover thickness,
concrete composition, stress level in the reinforcement and crack
orientation on the mechanical response of the beam, i.e. cracking
and interfacial damage was directly accounted for in the numerical
model. Location- and time-dependent corrosion measurements
along the reinforcement were performed using recently developed
‘‘instrumented rebars’’, which have a largely similar mechanical
behaviour as conventional reinforcement [43]. For each beam,
the open circuit corrosion potential (OCP) was measured at 17
locations and the macrocell current at 8 locations along the instru-
mented rebar. Comparisons of the cracking behaviour in [43] indi-
cated the formation of interfacial damage due to flexural loading,
i.e. slip and separation between the concrete and steel, is very sim-
ilar for the conventional and instrumented rebar. Therefore, the
instrumented rebar is a useful tool to investigate a potential link
between mechanically-induced concrete-reinforcement interfacial
damage and the corrosion response of the reinforcement. However,
it should be mentioned that a practical application of instrumented
rebars may be difficult due to the intensive monitoring equipment
required for continuous OCP and macrocell current measurements.
Nevertheless, previous results [36,43] and results of the present
study indicate that instrumented rebars are suitable for laboratory
investigations to study the effect of load-induced damage on
reinforcement corrosion and to strengthen the hypothesis that
load-induced interfacial damage can be used as an indicator for
the risk of reinforcement corrosion.

2. Experimental investigations

To investigate the impact of cracks and the associated interfacial
damage between concrete and reinforcement on the initiation of
corrosion, reinforced concrete specimens were prepared, cracked,
and tested in a corrosive environment. Experimental studies in-
cluded mechanical and electrochemical testing as well as destruc-
tive visual investigation of plain (PC) and steel fibre reinforced
(SFRC) specimens. During mechanical testing, photogrammetric
investigations were performed to monitor load-induced cracking,
slip, and separation between concrete and reinforcement. In
addition, fracture mechanical properties of the different concrete
compositions were determined using inverse analysis of
experimental results obtained from three point bending tests
(3PBT) as described in [44]. The 3PBTs were conducted in accor-
dance with [45,46]. Electrochemical testing included time- and

location-dependent OCP and macrocell current measurements with
so-called instrumented rebars, which were embedded in each of the
tested specimens along with a conventional rebar. The test matrix
for the various experimental investigations is given in Table 1,
including information on the naming convention and numbers of
tested specimens. For each concrete composition, three specimens
(MSF) were tested to determine fracture mechanical properties by
inverse analysis of 3PBT results. Results of individual specimens
of one concrete composition were then averaged. Four specimens
(MSA) were tested for each concrete composition, i.e. two different
concrete cover thicknesses (20 and 60 mm), to investigate load-
induced cracking and associated interfacial damage by means of
photogrammetry and subsequent digital image correlation. How-
ever, for simplicity, only results of specimens with a concrete cover
thickness of 60 mm are presented in this study. Finally, one speci-
men (ESE) was tested for each concrete composition to study the
influence of cracking and interfacial damage on the initiation of
reinforcement corrosion using instrumented rebars, which allow
for continuous OCP and macrocell current measurements. After ter-
mination of electrochemical testing, the electrochemical test spec-
imens (ESE) were used for destructive visual investigations.

2.1. Materials and specimen preparation

Beams of plain (PC) and steel fibre reinforced concrete (SFRC)
with a water-to-cement ratio of 0.43 were cast. Aalborg Rapid�

Portland cement (type 52.5N cement [47]) was used and the mix
designs for the different concrete compositions are given in Table 2.
DRAMIX 65/35 fibres (hooked ended and made from cold drawn
black steel) were used for the SFRC mixes with a length of 35 mm
and diameter of 0.55 mm. As reinforcement, two rebars with
12 mm diameter, i.e. one conventional rebar and one instrumented
rebar (described in Section 2.2), were embedded in each of the
290 � 310 � 650 mm3 (height �width � length) prisms. The steel
fibre reinforced beams were cast in oversize to avoid fibre orienta-
tion caused by the sides of the moulds. After casting, the beams
were stored for 24 h in laboratory conditions under a plastic sheet
(i.e. 20 ± 2 �C) and then demolded. Upon demoulding, the beams
were stored in lime rich water for additional 28 days at 20 ± 2 �C
until testing. Prior to cracking and testing, the SFRC beams were
cut using a water-cooled concrete saw. Unreinforced MSF beams,
i.e. specimens used for the determination of fracture mechanical
properties, were cut to 150 � 150 � 650 mm3 in accordance with
the size recommended in [45]. Specimens used for photogrammet-
ric investigations (MSA) were cut to 150 � 120 � 650 mm3, where
part of the concrete covering the reinforcement was removed to
allow for monitoring of load-induced cracking and interfacial dam-
age. However, a minute concrete cover remained (approximately
3–5 mm) to, among others, avoid damaging the concrete-reinforce-
ment interface during the cutting process. Finally, a stochastic black
and white speckle pattern was applied to the remaining concrete
cover, which was used later for photogrammetric investigations.
The final dimensions of the ESE beams, i.e. specimens used for
electrochemical testing, were 190 � 150 � 650 mm3 with 60 mm

Table 1
Test matrix for experimental investigations.

Experimental investigation Concrete composition

PC SFRC
Fibre content (vol.%)

0.0 0.5 1.0

Fracture mechanical properties MSF 1-3 MSF 4-6 MSF 7-9
Photogrammetric investigations MSA 1-4 MSA 5-8 MSA 9-12
Electrochemical testing ESE 1 ESE 2 ESE 3
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concrete cover thickness. A sketch of the cutting procedure for the
different specimens is shown in Fig. 1, where the dark grey area rep-
resents the final specimen geometry. Detailed information on initial
and final specimen dimensions can be found in Table 3.

2.2. Instrumented rebar

A sketch of the design of the instrumented rebar is illustrated in
Fig. 2. The applicability of the instrumented rebar to monitor time-
and location-dependent OCP in concrete, while having a similar
mechanical behaviour as a conventional rebar, was tested and pre-
sented in [36,43].

The instrumented rebar consisted of three individual sections of
standard 12 mm diameter deformed rebar cut to lengths, which
were connected via screw threads. The mid-section of the instru-
mented rebar was hollowed providing a 6 mm diameter void along
the centre. Hollowing of the instrumented rebar resulted in a 6.25%
reduction in bending stiffness (i.e., EI), a 25% reduction in cross-
sectional area, and an axial stiffness (i.e., EA) equivalent to a stan-
dard rebar with a 10.39 mm nominal diameter. Seventeen holes,
with 4.5 mm diameter, were drilled through the outer surface with
a 10 mm spacing. In each hole, a 4 mm diameter steel pin was
placed. A lead wire was soldered to each of the steel pins and after-
wards encased in glue-coated heat-shrink tube to ensure electrical
disconnection between the individual steel pins and the rebar. Fi-
nally, the hollowed section was filled with epoxy to protect the
wires, electrical connections, and steel pins. The two solid rebar
sections were connected to the hollowed mid-section using
threaded connections. In contrast, to the configuration presented
in [36,43] the sensors were installed flush in this study as results
in [36,43] indicated that protruding sensors reduce the load-

induced separation between reinforcement and concrete to some
extent.

2.3. Photogrammetric investigations

To monitor load-induced cracking and the associated interfacial
damage of the MSA specimens (see Table 1), photogrammetric
equipment was used. The set-up of the photogrammetric equip-
ment is illustrated in Fig. 3 consisting of two charged-coupled de-
vice (CCD) cameras placed on a rig parallel to the specimen. The
two CCD cameras were positioned at a mutual distance from the
specimen and the angle between the cameras was constant. An
area of approximately 350 � 150 mm2 (width � height) was there-
by monitored by both cameras, which was positioned around the
centre of the specimen. Images with the CCD cameras were re-
corded every two seconds until testing was terminated. Captured
images were subsequently processed with a commercially avail-
able software package [48], which utilised the stochastic speckle
pattern to identify unique regions, called facets, on the specimen
surface at each measurement time. The software tracks the move-
ments of the facets and utilises standard digital image correlation
(DIC) techniques to compute, among others, deformations and
strain fields (see Fig. 4) at the specimen surface. DIC also allows
for identification of cracks as zones with localised strain. Addi-
tional information on the hardware used and the DIC technique
is available in [49,50].

All specimens were tested in a load-controlled set-up. Experi-
mental results covered applied load as well as strain and deforma-
tion fields at the specimen surface. Interfacial damage, i.e. slip and
separation between reinforcement and concrete were determined
from DIC results measuring the relative displacement between
points adjacent to the reinforcement. In addition, slip and separa-
tion between concrete and reinforcement were determined for var-
ious distances from the centre of the primary bending crack.

2.4. Electrochemical testing

2.4.1. Loading and environmental exposure
Fig. 5 illustrates the customised steel cracking frames, which

were used to hold open cracks and interfacial damage. As the steel
cracking frames were not designed to induce cracks (because of
insufficient stiffness of steel channel and threaded rods), a stan-
dard loading machine was used to pre-crack the beams. During
pre-cracking, load was applied to estimated cracking loads pre-
dicted by the numerical cracking model described in Section 3.
The pre-cracked beams were then loaded in the customised steel
cracking frames to preset load levels given in Table 4 and the crack
mouth opening displacement (CMOD) at the tensile surface and
applied load were measured. Load was measured and recorded
using customised ring load cells, which were tested and calibrated
before using a standard loading machine. Load was applied by
tightening the bolts until the defined target load was reached. After

Table 2
Mix designs of investigated concrete compositions.

Constituent PC (kg/m3) SFRC 0.5 vol.%
(kg/m3)

SFRC 1.0 vol.%
(kg/m3)

Cement 375 375 375
Water 156 156 156
Sand (0–4 mm) 760 755 750
Gravel (4–8 mm) 56 56 56
Stones (8–16 mm) 1025 1018 1011
Fibres – 39 78

w0

h0

a

h

b

w dc

Fig. 1. Cutting of MSF, MSA, and ESE specimens. Please note: sketch is not to scale.

Table 3
Initial, final, and cutting dimensions for tested specimens.

Parameter (mm) Specimen

MSF MSA ESE

a 40 40 0
b 100 100 100
c 80 80 80
d 80 110 80
h 150 150 150
h0 290 290 290
w 150 120 150
w0 310 310 310
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application of the load, the sides of each beam were sealed using
silicone caulk to prevent leaking of the test solution throughout
the exposure. Afterwards, a plastic ponding dike was placed on
the tension surface, i.e. over the main bending crack, and the area
outside the ponding dike sealed with silicone caulk. The reservoir
was filled with a 3% sodium chloride (NaCl) solution by weight
and refilled as necessary during testing. The sodium chloride con-
centration was chosen to reflect chloride concentrations, which
may be found under in situ conditions. Possible impacts of sodium
chloride concentration variations were not part of the present
study.

2.4.2. OCP and macrocell current measurements
Open circuit corrosion potentials (OCP) of all sensors along the

instrumented rebar were measured against a standard calomel
electrode (SCE), which was placed in the ponding reservoir. The
reference electrodes were maintained on a weekly basis. Mainte-
nance included refilling with saturated potassium chloride solu-
tion, potassium chloride crystals, and calibration against a silver/
silver chloride reference electrode in a pH buffered solution. Due
to the frequent maintenance and constant temperature of the
exposure solution, the readings of the reference electrode were
regarded stable.

In addition to the potential measurements, macrocell current
measurements were taken for half of the sensors along the instru-
mented rebar. The electrical connection between the counter elec-
trode and working electrode (individual sensors along the
instrumented rebar) may be established over a resistor, and the
macrocell current is measured as the proportional potential over
the resistor, or as done in the present study, over a zero-imped-
ance-ammeter, i.e. without introducing resistance to the system.
A ruthenium/iridium mixed metal oxide activated titanium mesh
(MMO) was used as a counter electrode, which was also placed

Top view:

17 holes, Ø 4.5 mm
@ 10 mm spacing

340 mm175 mm 175 mm
690 mm

Hollowed, instrumented
rebar section

Ø12
Epoxy

Solid rebar section
Side view:

Ø 5 mm

Fig. 2. Design of instrumented rebar for time- and location-dependent OCP measurements (Note: ribs are not shown in sketch), after [43].

Fig. 3. Set-up of photogrammetric equipment, from [43].

Fig. 4. Results of DIC measurements, indicating main transverse crack and
associated damage due to mechanical loading. Please note: colour scale indicates
strain calculated by DIC.

Fig. 5. Steel cracking frames for loading of beams with specimen illustrating the instrumented rebar and ponding reservoir, after [43].
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in the ponding reservoir. The measured current flow between the
individual sensors and MMO was transferred to a voltage output
before connection to the corresponding data logger terminals.
The transformation was performed by two electrically separated
ammeters, which were driven by two rechargeable 9 V block bat-
teries. The batteries were automatically recharged to keep the sup-
ply voltage at a constant level. In this way, the ammeters were
operated with a stable supply voltage that was insulated from
any perturbation sources. The ammeters provided an exact linear
relation between voltage output and current input with a transfor-
mation factor of 1 V/mA. The ammeters were nulled, based on the
applied supply voltage and zero current before the electrical con-
nection between working and counter electrode was established.
When the individual sensors were connected to the MMO, a mixed
corrosion potential was obtained and the current flow through the
ammeters was enabled without introducing resistance. While for
the passive state of sensors current flows of approximately zero
lA were measured, considerably higher current flows were mea-
sured for active sensors, see e.g. Fig. 11(b). Since the exposure area
of the individual sensors of the instrumented rebar was well de-
fined (0.126 cm2), the measured current flows allowed for an esti-
mate of the corrosion current density. The increase in current flow
with initiation of active corrosion was sharp and well defined, so
that the onset of corrosion could be clearly identified. However,
it should be emphasised that only the macrocell current between
the dissimilar was measured and consequently the micro- and
macrocell corrosion activity on the preferential corroding metal
surface is not reflected. Nevertheless, the technique is frequently
used in the area of reinforcement corrosion due to its simplicity
and clear indication of corrosion initiation by a sharp increase in
macrocell current with depassivation, see e.g. [51–53]. Further-
more, it can be assumed that the measured macrocell current flows
contributed the major part of the corrosion activity of the individ-
ual sensors in the present experimental set up as the anodic area
was considerably smaller than the cathodic area (approximately
3 cm2), see e.g. [51,52].

OCP and current flow measurements were taken automatically
every 2 h by a LabVIEW controlled system using cluster measure-
ments to minimise the number of data logging channels [54]. For
each measurement time, a switch card hosting up to eight elec-
trodes (sensors) was connected to a SCE and the OCP recorded until
the system automatically switched to the next card and estab-
lished a new connection. After connecting to each of the individual
cards, a delay period of 2 min was set in the program at which the
OCP was measured and recorded for each sensor along the instru-
mented rebar.

In addition, to the electrochemical OCP and macrocell current
measurements, destructive visual investigations were conducted
after terminating the electrochemical testing. The concrete
covering the instrumented and standard rebar was removed cut-
ting 25 mm deep notches above and below the rebars and crack

opening the beam using chisel and hammer. Visual inspections in-
cluded the extent and amount of corrosion as well as penetration
of chloride ions (spraying silver nitrate on the concrete as an indi-
cator) in the concrete and along the instrumented and standard
rebar.

3. Modelling of load-induced cracking and interfacial damage

3.1. Model description

To estimate the extent of load-induced interfacial damage along
the reinforcement for the tested flexural beams, a finite element
method (FEM) model was used. The model was based on a two
dimensional, plain strain formulation that allows for simulation
of cracking and interfacial damage, i.e. slip and separation between
reinforcement and concrete, in reinforced concrete subjected to
flexural loading. The basic concept of the modelling approach is gi-
ven in Fig. 6. To simulate the different damage phenomena in con-
crete and along the reinforcement associated with flexural loading
(i.e. cracking, slip, and separation) a number of zero thickness
interface domains are incorporated in the model. The various inter-
face domains are established in serial and parallel connection to
represent a realistic mechanical response of the beam during
loading and the subsequent formation of associated damage.
In the FEM model, slip denotes the local displacement between
the reinforcement and the surrounding concrete parallel to the
reinforcement, while separation corresponds to the deformation
between the reinforcement and the surrounding concrete perpen-
dicular to the reinforcement.

Formation and propagation of load-induced damage in the
crack, concrete, and separation interface (see Fig. 6) was modelled
by a fictitious cracking approach [55] where the tension softening
behaviour is based on a cohesive discrete cracking model with
multi-linear softening relations, which may be given as follows:

r ¼
reðeÞ ¼ Econce Pre� cracked state
rwðwÞ ¼ gðwÞft;conc Cracked state

�
ð1Þ

where re is the elastic stress, Econc the Young’s modulus of concrete,
e the elastic strain, rw the normal bridging stress as a function of the
crack width w, g the dimensionless cohesive relationship and ft,conc

the concrete tensile strength. Formulation of the multi-linear soft-
ening relations used to describe the dimensionless cohesive rela-
tionship, g, was adopted from [44] and may be given as follows:

gðwÞ ¼ bi � aiw for wi�1 < w < wi and i ¼ 1; . . . ;n ð2Þ

where ai describes the slopes of the cohesive branches, bi the inter-
cepts between the cohesive branches and wi may be defined as
follows:

wi ¼
bi � biþ1

ai þ aiþ1
for i ¼ 1; . . . ;n� 1 and wn ¼ wcrit ¼

bn

an
ð3Þ

where wcrit is the critical crack width. Further, it is assumed that no
stresses are transferred across the crack once w > wcrit. For the crack
and concrete interface, n was set to 3, while n = 1 (i.e. linear tension
softening behaviour) was chosen for the separation interface.

To describe the slip between concrete and reinforcement a
modified cubic-relationship between the shear stress and slip, pro-
posed in [56], was used, which may be given as follows:

tt ¼
ft;slip 1:4 Dut

Du0
t

� �3
� 4:5 Dut

Du0
t

� �2
þ 5 Dut

Du0
t

� �� �

1:9f t;slip for
0 6 Dut < Du0

t

Dut P Du0
t

8>>><
>>>:

ð4Þ

Table 4
Applied loads, measured CMODs, and estimated extent of slip and separation for all
materials tested.

Specimen Loada

(kN)
CMODb

(mm)
Extent of slipc,d

(mm)
Extent of
separationc,d (mm)

PC 31.2 0.069 ±325 � ± 40
SFRC 0.5

vol.%
45.7 0.139 ±325 � ± 70

SFRC 1.0
vol.%

35.6 0.068 ±325 � ± 35

a Measured with customised ring load cells.
b Measured average CMOD at concrete tensile face.
c Estimated by finite element model (see Section 3).
d Distance from main bending crack.
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where tt is the shear stress, ft,slip the strength of the slip interface, ut

the slip, and u0
t the value at which the curve reaches a plateau. For

the different concrete compositions, the strength of the slip inter-
face, ft,slip, and u0

t were modified during the FEM simulations to fit
the experimental observations.

Although, mainly physical meaningful parameters are used in
the FEM model to describe the different damage phenomena in
the concrete domain and along the concrete-reinforcement
interface due to flexural loading, it should be noted that the forma-
tion of slip and separation at the concrete-reinforcement interface
was modelled as independent processes. The authors are aware
that the combination of these damage processes may be described
by mixed-mode fracture behaviour. However, despite many efforts,
see e.g. [57–59], there still appears to be a lack of proper mixed-
mode behaviour formulations, which can be implemented in mod-
els for FEM simulations.

3.2. Numerical model, input parameters, and mesh analysis

For the solution of the problem the commercial FEM software
package TNO DIANA was used. The model consisted of 1184 qua-
drangular elements with 2353 nodes representing half of the beam
due to symmetry of loading and boundary conditions of the three
point bending test (see Fig. 5). Nonlinear solution of the system of
equations was obtained using a standard Newton–Raphson meth-
od with a displacement controlled convergence criterion.

To investigate the impact of varying mesh sizes on the solution
of the problem, a range of interface discretisations were studied.
Number of elements along the crack, separation, and slip interface
were varied between 10 and 100 elements. Results of the mesh
analysis are given in Fig. 7. For all interfaces, no considerable effect
on the solution of the problem (less than 1% difference between the
different mesh sizes) was found once more than 20 elements were
used to discretize the interfaces. Based upon the results presented
in Fig. 7, the crack, slip, and separation interfaces were discretized
with 60 elements each.

An overview of the required input parameters for the developed
FEM model to simulate load-induced damage in PC and SFRC beams
is given in Table 5. Input parameters cover elastic and fracture
mechanical properties of steel and concrete as well as cracking, slip,
and separation interface. The reduced cross section of the instru-
mented rebar (hollowed part) is directly accounted for in the FEM
model. To fit the experimental results (see Section 4.1.2), the tensile
strength of the slip interface, ft,slip, and the value, u0

t , (see Eq. (4))
were varied during the numerical simulations.

4. Results

Experimental and numerical results for plain and steel fibre
reinforced concrete are presented in the following. Results of
mechanical testing include fracture mechanical properties,
photogrammetric investigations on load-induced cracking, slip
and separation at the concrete-reinforcement interface, and com-
parisons between experimental (i.e. photogrammetric investiga-
tions) and numerical results for the various concrete
compositions. All experimental and numerical results are
presented for crack mouth opening displacement (CMOD) at the
concrete tensile surface, separation, and slip at the concrete-rein-
forcement interface against applied load. Electrochemical results
cover information on time- and location-dependent open circuit
corrosion potential (OCP) and macrocell current measurements
for the various concrete compositions. Finally, visual observations
of the extent of corrosion along the instrumented and standard
rebar and chloride ion ingress are given.

4.1. Mechanical testing

4.1.1. Fracture mechanical properties
As mentioned previously, inverse analysis of experimental

results of 3PBTs was used to determine fracture mechanical
properties of the different concrete compositions tested in this
study (see Table 2). Selected experimental results and results of
the corresponding inverse analysis are given in Fig. 8.

A very good agreement between experimental and numerical
results, obtained by inverse analysis of load-CMOD curves, is found
for all specimens tested. Furthermore, the impact of fibres on the
mechanical response is clearly observed, i.e. an increasing ductile
material behaviour with increasing fibre content. Fracture energy,
Gf, and tensile strength, ft,conc, of the various concrete compositions
determined by means of inverse analysis are given in Table 6. The
multi-linear cohesive relations used in the FEM model to describe
the tension softening behaviour (see Eq. (2)) of the different con-
crete compositions are presented in Fig. 9.

4.1.2. Experimental and numerical results of load-induced damage
Experimental and numerical results illustrating load-induced

damage, i.e. cracking, slip and separation between concrete and
reinforcement, are given in Fig. 10 as a function of the applied load.
For simplicity, comparisons between experimental and numerical
results are only given for one specimen, i.e. MSA 11 (1.0 vol.% SFRC)
with 60 mm concrete cover thickness. However, similar results
were obtained for all concrete compositions tested in this study,
i.e. PC and SFRC specimens with 20/60 mm concrete cover

Fig. 6. Concept of the serial-parallel model simulating cracking and interfacial damage. Please note: illustration is not to scale.
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thickness, respectively. It should be noted that although multiple
cracking occurred in most specimens during mechanical loading,
results are presented for the primary bending crack, which was de-
fined as the first crack being formed. For all specimens the primary
bending crack was located at or near the centre of the specimen.

Fig. 10(a) illustrates experimental and numerical results of the
crack mouth opening displacement (CMOD) at the concrete tensile
surface against the applied load. It is seen from the presented
results that the numerical model can accurately capture both,
crack initiation and increase in crack width. It should be further
noticed that the fracture mechanical properties describing the
tension softening behaviour of the material (see Eq. (2)) were
determined independently from 3PBTs, i.e. no fitting of fracture
mechanical parameters was performed to reproduce the experi-
mental data. A comparison between numerical and experimental
results concerning slip and separation between concrete and
reinforcement (at 10 mm distance from the main bending crack)
is given in Fig. 10(b). It is seen from the presented results that
the developed FEM model can properly reproduce both damage
phenomena. The numerical model is further capable of simulating
the initiation as well as propagation of slip and separation at the
concrete-reinforcement interface due to increasing load. The ob-
served scatter in the experimental data is most likely attributed
to the limited resolution of the photogrammetric equipment used
in this study.

4.2. Electrochemical testing

4.2.1. Plain reinforced concrete
Typical OCP and macrocell current density measurements for

plain reinforced concrete are given in Fig. 11 for 24 days of
exposure. Results are presented for selected sensors of the

instrumented rebar and indentified by their distance from the
main bending crack. It can be seen from the results that OCPs are
decreasing for sensors located closer to the crack throughout the
exposure time, which indicates a change in the favoured
thermodynamical corrosion state from passive to active. The
change in thermodynamical state of sensors located in the vicinity
of the crack was confirmed by corresponding macrocell current
density measurements. In contrast to sensors located closer to
the main bending crack, the OCP for the sensor located at a dis-
tance of 70 mm from the crack initially decreases slightly to a po-
tential of approximately �0.7 VSCE and then gradually increases to
approximately �0.2 VSCE (see Fig. 11(a)). The behaviour of the sen-
sor might be explained by an initial lack of oxygen (due to previous
storage under water) as well as variations in the moisture content
and concrete resistivity. Also, considerable smaller current densi-
ties were observed for sensors located furthest from the crack
(see Fig. 11(b)), which facilitate the assumption of the passive state
of the sensor.

Contour plots illustrating results of all sensor locations along
the instrumented rebar for plain reinforced concrete are shown
in Fig. 12. Results are given as a function of the exposure time
(in days) and location from the crack (in mm) as well as OCP (in
VSCE) and macrocell current density (in lA/cm2), which are indi-
cated by a colour scale.

Initially, corrosion potentials around �0.2 to 0 VSCE were mea-
sured for all sensors along the instrumented rebar. As mentioned
earlier, considerable lower OCPs were measured for sensors lo-
cated in a distance between 40 and 80 mm from the crack, which
may be attributed to a lack of oxygen. Similar OCPs of passive rein-
forcement in an oxygen deprived environment can be found in the
literature, see e.g. [60]. As time progressed, a considerable decrease
in OCP was seen for all sensors located between �40 and 30 mm
from the crack indicating initiation of corrosion. No decrease in
OCP was measured during the exposure time for sensors located
between �80 and �40 mm from the crack. Concurrent macrocell
current density measurements for sensors located 10–80 mm from
the crack correlate well with the decrease in OCP. Macrocell cur-
rent densities up to approximately 150 lA/cm2 were measured
for actively corroding sensors. For sensors located in the region
between 30 and 80 mm considerable smaller current densities
were measured, which confirms the assumption that the initial
low potential was not attributed to active corrosion.

In addition to the electrochemical measurements, simulated re-
sults of the slip and separation between the reinforcement and
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Fig. 7. Normalised results of mesh analysis.

Table 5
FEM model input parameters to simulate load-induced damage.

Parameter Symbol Value Unit

Young’s modulus concrete Econc 28000 (MPa)
Poisson ratio concrete lconc 0.2 (�)
Tensile strength concrete ft,conc See Table 6 (MPa)
Young’s modulus steel Esteel 210000 (MPa)
Poisson ratio steel lsteel 0.3 (�)
Yield strength steel fy,steel 550 (MPa)
Tensile strength slip interface ft,slip Fitted (MPa)
Constant slip value u0

t Fitted (mm)
Tensile strength separation interface ft,sep 0.03 (MPa)
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Fig. 8. Selected experimental (Exp) and inverse analysis (IA) load-CMOD curves for
concrete compositions tested in this study.
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concrete are illustrated in Fig. 12(c). As can be seen from the figure,
7 to approximately 12 lm slip are estimated along the reinforce-
ment between�80 and 80 mm from the crack. Separation between
the reinforcement and concrete is estimated to extend approxi-
mately from �40 to 40 mm from the crack. Comparing electro-
chemical and mechanical results, a very good correlation
between the simulated extent of separation and measured extent
of active corrosion can be found (see Fig. 12).

4.2.2. Steel fibre reinforced concrete
Selected OCP and macrocell current density measurements for

specimens ESE 2 and 3 are given in Figs. 13 and 14, respectively.
Results are presented for sensors located 10, 40, and 70 mm from
the main bending crack for ESE 2 (0.5 vol.% SFRC). In contrast to
the OCP measurements for ESE 1, considerable potential drops
were observed for sensors located 10 and 40 mm from the crack.
For the sensor located closest to the crack (10 mm), a first drop
in OCP was seen after approximately 1.5 days of exposure, which
was accompanied by an increase in macrocell current density.
The OCP drop was however, smaller than usually described in
literature (approximately �0.2 VSCE) indicating a change in state
of corrosion, see e.g. [54]. After approximately 3 days of exposure,
the sensor located 40 mm from the crack showed a drop in OCP
and at the same time an increase in current density was recorded.
A gradual decease in OCP can be seen for the sensor located fur-
thest from the crack (70 mm) and a sudden increase in macrocell
current density after approximately 3.5 days of exposure indicat-
ing active corrosion.

Fig. 14 shows OCP and current density measurements for
sensors located 10, 20, and 70 mm from the main bending crack
for the ESE 3 specimen (1.0 vol.% SFRC). Similar to the results
presented for plain reinforced concrete (ESE 1), a rather gradual de-
crease than a sudden drop in OCP can be observed for the sensors

located closest to the crack. However, concurrent macrocell cur-
rent density measurements showed a considerable increase for
these sensors indicating active corrosion. Throughout the complete
exposure no decrease in OCP or increase in current density was
measured for the sensor located 70 mm from the crack, which
indicates a passive state of the sensor.

Contour plots showing results for all sensors along the instru-
mented rebar are given in Figs. 15 and 16 for specimens ESE 2
and 3 (i.e. 0.5 vol.% and 1.0 vol.% SFRC), respectively. Results pre-
sented include OCP measurements in a region between �80 mm
and 80 mm and macrocell current density measurements between
10 mm and 80 mm from the main bending crack. Initially, values
between approximately �0.2 to 0 VSCE were measured for the
sensors along the instrumented rebar for ESE 2 (see Fig. 15). With
progressing exposure time all sensors located between �70 mm
and 70 mm from the bending crack showed a considerable de-
crease in OCP, which was accompanied with an increase in macro-
cell current density indicating active corrosion in that region.
Furthermore, it can be seen that with increasing distance from
the crack, initiation of corrosion was delayed as indicated by the
macrocell current density measurements in Fig. 15(b). For the var-
ious sensors along the instrumented rebar, macrocell current den-
sities up to approximately 150 lA/cm2 were recorded during the
exposure time. Comparisons between the extent of simulated
interfacial damage, in particular the separation between concrete

Table 6
Fracture energy (Gf) and tensile strength (ft,conc) determined from inverse analysis of
3PBTs.

Concrete
Composition

ft,conc Gf

Mean
(MPa)

St. Dev.
(MPa)

Mean
(J/m2)

St. Dev.
(J/m2)

PC 1.8 0.1 569 55
SFRC 0.5 vol.% 1.7 0.1 4700 700
SFRC 1.0 vol.% 1.7 0.6 9000 2800
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and reinforcement, correlate very well with the extent of measured
active corrosion. Both, electrochemically measured active
corrosion and simulated separation are seen in a region
between �70 mm and 70 mm from the main transverse crack
(see Fig. 15).

Similar initial OCPs, as for ESE 1 and ESE 2 (i.e. PC and 0.5 vol.%
SFRC), were measured for ESE 3 (i.e. 1.0 vol.% SFRC) with values
ranging from �0.2 to 0 VSCE. With increasing exposure time,
decreasing OCPs were observed for sensors located �30 mm to
30 mm from the main bending crack indicating initiation of
corrosion (see Fig. 16(a)). Concurrent macrocell current density
measurements taken for sensors in this region also showed an
increased current density confirming the assumption of active
corrosion. For actively corroding sensors along the instrumented
rebar, macrocell current densities up to approximately 150 lA/
cm2 were recorded during the exposure time. Sensors located
outside this region (in the region between �80 mm and �30 mm
and 30–80 mm), showed neither an increase in macrocell current
density nor a decrease in OCP throughout the exposure period
indicating no change in corrosion state, i.e. the sensors remained
in the passive state. Comparisons of the electrochemical measure-
ments (OCP and macrocell current density) and mechanical results
showed again a good correlation between the simulated extent of
separation (�35 mm to 35 mm from crack) and measured risk of
corrosion (�30 mm to 30 mm).

4.3. Visual observations

Exemplary results of destructive visual observations are pre-
sented in Figs. 17 and 18, respectively. Fig. 17 illustrates the extent
of chloride ingress (indicated by the broken line), the crack path
(indicated by the solid line) and signs of rust stains (indicated by
circled areas) observed in ESE 2 (0.5 vol.% SFRC). Silver nitrate
was used to highlight the chloride ingress at the concrete surface.

The extent of chloride ingress is clearly visible along the main
bending crack path and in the vicinity of the reinforcement in
Fig. 17. The ingress extended around 85 mm from the crack in both
directions along the reinforcement. No considerable ingress in the
bulk material was observed indicating the interfacial damage along
the reinforcement, in particular the separation between reinforce-
ment and concrete, acted as a rapid pathway for the chloride in-
gress as proposed by e.g. [36]. Similar observations, i.e. extent of
chloride ingress along the reinforcement and crack path, were
made for the conventional reinforcement. Measured extents of
chloride ingress for ESE 1 and ESE 3 (i.e. PC and 1.0 vol.% SFRC)
were substantially less as the crack mouth opening displacement
at the concrete tensile surface and extent of separation between
concrete and reinforcement was considerably lower (see Table 4).
In all specimens rust stains were found throughout the area of
chloride ingress indicating active corrosion of the reinforcement
(instrumented as well as conventional reinforcement). No visual
signs of active corrosion were seen outside the area where chloride
ions were indicated by silver nitrate.

In addition to the chloride ingress, the extent of corrosion for all
instrumented and conventional rebars was investigated with a
stereomicroscope. A typical image obtained for a sensor of an
instrumented rebar (10 mm distance from crack) previously
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Fig. 11. (a) corrosion potential (OCP) and (b) corrosion current density (ICORR)
measurements of selected sensors along the instrumented rebar for ESE 1 (PC).
Sensors are identified by their distance to the main bending crack.
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Fig. 12. (a) location- and time-dependent OCP and (b) corrosion current density
(only for half of the sensors) measurements for ESE 1 (PC). (c) Simulated extent of
slip (diamond symbols) and separation (cross symbols) between concrete and
reinforcement.
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embedded in ESE 3 (1.0 vol.% SFRC) is given in Fig. 18. The location
of the sensor is highlighted by a broken line in the figure. Clear
signs of corrosion can be seen at the surface of the sensor as well
as the surface of the rebar confirming the open circuit corrosion
potentials and macrocell current density measurements. Similar
results were obtained for all sensors indicating active corrosion
throughout the electrochemical measurements. Furthermore, sim-
ilar extents of corrosion were seen along the conventional and
instrumented rebar for all materials tested, i.e. PC, 0.5 and 1.0
vol.% SFRC, as indicated by the electrochemical measurements.

5. Discussion of results

As outlined in the introduction, it is current state-of-the-art in
many standards, recommendations, and scientific research
projects to relate the concrete surface crack width to (initiation
of) reinforcement corrosion. At the same time a number of
publications can be found in the literature that indicate lacking
relations between the surface crack width and (initiation of)
reinforcement corrosion. In the present study it was hypothesised
that (load-induced) interfacial damage, in particular the separa-
tion between concrete and reinforcement, is a more fundamental
indicator for the susceptibility of reinforcement to early corrosion
initiation. To investigate this hypothesis, mechanical and electro-
chemical measurement techniques in conjunction with a novel

physics based mechanical model were applied. In the following
sections the results obtained in the present study by the experi-
mental and numerical techniques outlined previously are
discussed.

It should be noted that the present study focused solely on
concrete-reinforcement interfacial damage in form of separation
and slip between reinforcement and concrete and the impact
of fracture mechanical properties of plain and fibre reinforced
concrete. Factors such as surface roughness and treatment of
the reinforcement, which may affect the concrete-reinforcement
interfacial damage, were not investigated. Furthermore, it should
be kept in mind that the applied technique to monitor load-in-
duced damage, i.e. cracking, slip, and separation, was limited
to observations on the macroscopic level. Application of high
resolution cameras for DIC measurements as well as other tech-
niques, such as e.g. scanning electron microscopy and acoustic
emission, have been shown by others, see e.g. [63–65], to be
more suitable for observations of load-induced damage at the
microscopic level. However, previous research indicated that
concrete with isolated microcracks has a similar resistance to in-
gress as uncracked concrete [66] and as the developed mechan-
ical model (see Section 3) and the proposed hypothesis are
currently limited to the macroscopic level, it is the authors’
opinion that the applied experimental and numerical methods
were adequate for the present study.
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Fig. 13. (a) corrosion potential (OCP) and (b) corrosion current density (ICORR)
measurements of selected sensors along the instrumented rebar for ESE 2 (0.5 vol.%
SFRC). Sensors are identified by their distance to the main transverse crack.
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Fig. 14. (a) corrosion potential (OCP) and (b) corrosion current density (ICORR)
measurements of selected sensors along the instrumented rebar for ESE 3 (1.0 vol.%
SFRC). Sensors are identified by their distance to the main transverse crack.
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5.1. Fracture mechanical properties and load-induced damage

Fracture mechanical properties of the cracking interface in the
FEM model (see Fig. 6) describing the initiation and propagation
of a load-induced bending crack were determined by inverse anal-
ysis of independent experimental investigations (see Section 4.1.1).
Results of the inverse analysis, i.e. tensile strength and fracture en-
ergy, were presented in Table 6 for the different concrete composi-
tions tested in this study. From the results it can be seen that the
addition of fibres has no considerable influence on the tensile
strength of the concrete. However, with increasing amounts of fi-
bres, the ductility of the concrete, described by the fracture energy,
is considerably increased. Similar observations were made by e.g.
[61,62].

For all load-induced damage phenomena, i.e. cracking, slip, and
separation, very good agreements between experimental and
numerical results were found for the different concrete composi-
tions tested in this study (see Fig. 10). Formation of the main
bending crack was observed for loads between 15 and 18 kN for
the different concrete composition, which was in good agreement
with results of the numerical simulations. Initiation of separation
between concrete and reinforcement was observed for higher
loads for all concrete compositions. The numerical model was
also able to simulate this phenomenon indicating the load-
induced damage is reproduced in a physically correct manner.
Furthermore, the influence of additional fibres on various damage
phenomena, e.g. decreased CMOD, slip, and separation with
increasing fibre content, was accurately reproduced by the
developed FEM model.

To fit the experimental data, two parameters were varied in the
FEM model, i.e. the tensile strength of the slip interface, ft,slip, and

u0
t . Values used for the tensile strength of the slip interface for

the different concrete compositions were in the same order of
magnitude (1.1–2.6 MPa). However, no correlation between the fi-
bre content and the fitted tensile strength of the slip interface was
observed. The strength of the separation interface, ft,sep, was set to
0.03 MPa for all investigated concrete compositions, which was
considerably lower than the tensile strength of the slip and crack
interface (see Fig. 6), respectively. The separation interface ac-
counts for the chemical adhesion between concrete and steel for
which, to the authors’ knowledge, mechanical properties have
not been described in the literature. Furthermore, results of a

Ti
m

e 
[d

]

Distance from Crack [mm]
−80 −60 −40 −20 0 20 40 60 80
0

5

10

15

20

[V
SC

E
]

−0.8

−0.6

−0.4

−0.2

0

0.2

Ti
m

e 
[d

]

Distance from Crack [mm]
−80 −60 −40 −20 0 20 40 60 80
0

5

10

15

20

[ µ
A/

cm
2

]
0

50

100

150

−80 −60 −40 −20 0 20 40 60 80
0
5

10
15
20
25
30
35

Distance from Crack [mm]

Sl
ip

/S
ep

 [ µ
m

]

(a)

(b)

(c)

Fig. 15. (a) location- and time-dependent OCP and (b) corrosion current density
(only for half of the sensors) measurements for ESE 2 (0.5 vol.% SFRC). (c) simulated
extent of slip (diamond symbols) and separation (cross symbols) between concrete
and reinforcement.
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Fig. 16. (a) location- and time-dependent OCP and (b) corrosion current density
(only for half of the sensors) measurements for ESE 3 (1.0 vol.% SFRC). (c) simulated
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Fig. 17. Extent of chloride ingress (broken line), crack path (solid line) and rust
stains (circled areas) in ESE 2 (0.5 vol.% SFRC) specimen after termination of
experiment.
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parametric study on the impact of ft,sep showed no considerable im-
pact on the investigated damage phenomena (cracking, slip, and
separation). Numerical results indicated that the separation is con-
trolled by the mechanical properties of the concrete interface con-
necting the upper and lower part of the concrete domain (see
Fig. 6), which accounts for the formation of internal cracks caused
by local stress transfer from the reinforcement to the concrete via
the ribs.

5.2. Open circuit corrosion potential and macrocell current density
measurements

Comparisons of contour plots presented in Section 4.2, showed
similar open circuit corrosion potentials (OCPs) for all concrete
compositions tested at the beginning of exposure. Initially, OCPs
of approximately �0.2 to 0 VSCE were measured indicating a pas-
sive corrosion state of the reinforcement. Similar OCP values for
passive reinforcement are reported in the literature, see e.g.
[43,54]. With progressing time, an either gradual decrease or
sudden drop in OCP was seen for certain sensors along the instru-
mented rebar indicating active corrosion was thermodynamically
favoured. For the ESE 1 and ESE 3 specimens (i.e. PC and 1.0
vol.% SFRC) a gradual decrease in potential was observed immedi-
ately after ponding, while for ESE 2 (i.e. 0.5 vol.% SFRC) a sudden
drop in OCP was seen. OCPs for ESE 1 and ESE 2 decreased to values
of approximately �0.8 VSCE and �0.4 VSCE for ESE 3, which is in
good agreement with values that have been reported in the
literature for active corrosion, see e.g. [17,67]. Signs of active
corrosion were observed for OCP drops ranging from approxi-
mately 0.1 to 0.4 VSCE for the different concrete compositions.
Active corrosion was confirmed by concurrent macrocell current
density measurements.

However, time to corrosion initiation and extent of corrosion
varied for the tested PC and SFRC beams. Macrocell current density
measurements obtained for ESE 2 and ESE 3 (i.e. SFRC specimens)
showed a delay in active corrosion compared to ESE 1. Signs of ac-
tive corrosion were recorded after approximately 1 day of
exposure for ESE 3 and 1.5 days of exposure for ESE 2, respectively.
Similar macrocell current densities (up to approximately 150 lA/

cm2) were measured for all concrete compositions, which is in
good agreement with values that have been reported in literature
for comparable anode-to-cathode ratios, see e.g. [51,52]. No
considerable influence of the fibre content on the macrocell
current density was observed in this study, which was confirmed
by visual observations indicating similar depths of corrosion for
the conventional and instrumented rebars embedded in the test
specimens.

5.3. Correlation between interfacial damage, crack width, and risk of
corrosion

The presented results facilitate the hypothesis that the con-
crete-reinforcement interfacial condition can be used as a reliable
indicator to quantify the impact of load-induced cracks on the risk
of corrosion initiation along the reinforcement. Very good agree-
ments between the simulated interfacial damage, in particular
the separation between reinforcement and concrete, and extent
of active corrosion along the instrumented rebar (indicated by
the electrochemical measurements) were obtained for all concrete
compositions tested. For ESE 1 (i.e. PC), active corrosion was mea-
sured for sensors located at a distance of �40 mm to 35 mm from
the main bending crack compared to around �40 mm to 40 mm
simulated by the FEM model (see Fig. 12). Extents of separation
were simulated and active corrosion measured in a region between
�70 mm to 70 mm and �30 mm to 30 mm from the main trans-
verse crack for ESE 2 and ESE 3 (i.e. 0.5 vol.% SFRC and 1.0 vol.%
SFRC), respectively (see Figs. 15 and 16).

Similar to the interfacial damage, a good correlation between
the crack width at the concrete surface and extent of corrosion
along the reinforcement was found for the specimens tested in this
study. For a crack width of approximately 0.07 mm at the concrete
surface (see Table 4), similar extents of corrosion were found for
ESE 1 (around 40 mm) and ESE 3 (around 35 mm), respectively.
However, for larger crack widths at the concrete surface, the corre-
lation between crack width and extent of corrosion may not hold
true, especially with regards to the use of SFRC as experimental
and numerical results of the mechanical testing indicate that the
addition of steel fibres alters the extent of interfacial damage com-
pared to PC.

5.4. Visual observations

Electrochemical measurements (OCP and macrocell current
density) and numerical simulations of separation between rein-
forcement and concrete are in good agreement with visual obser-
vations (chloride ingress and extent of corrosion along the
instrumented and conventional reinforcement) for all concrete
compositions tested.

The highest lateral chloride ingress along the reinforcement
was observed for ESE 2 (around 80 mm in both directions from
the main bending crack) with a measured surface crack width of
0.139 mm. Less lateral ingress of chloride ions was observed for
ESE 1 (around 45 mm in both directions) and ESE 3 (around
40 mm in both directions) with measured surface crack widths of
0.068 mm and 0.069 mm, respectively. Visual signs of corrosion
for the conventional and instrumented rebar were obtained for
all specimens in the region where chloride ions were indicated
by the application of silver nitrate. Within the same region, electro-
chemical measurements, i.e. OCP and macrocell current density
measurements, of sensors along the embedded instrumented re-
bars indicated active corrosion for all tested concrete composi-
tions. Furthermore, similar extents of separation between the
reinforcement and concrete were simulated by means of a finite
element model for all materials. Slightly higher extents of chloride
ingress measured by visual observations may be attributed to

Fig. 18. Sensor (indicated by broken line) of instrumented rebar located next to
main bending crack with signs of corrosion at the sensor and the instrumented
rebar for ESE 3 (1.0 vol.% SFRC) beam.
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additional transport phenomena, such as convection and/or diffu-
sion of chloride ions, throughout the time of exposure.

6. Conclusions

In this study plain concrete (PC) and steel fibre reinforced
concrete (SFRC) flexural beams were cracked and exposed to a
3% sodium chloride solution. Instrumented rebars, embedded in
the beams, provided location- and time-dependent open circuit
corrosion potential (OCP) and macrocell current density measure-
ments. From the presented electrochemical measurements (OCP
and macrocell current density measurements), mechanical simula-
tions (predictions of the extent of slip and separation between con-
crete and reinforcement) and destructive visual observations
(extent of chloride ingress and corrosion along the conventional
and instrumented reinforcement) it may be concluded that:

(1) The concrete-reinforcement interfacial condition can be
used as a reliable indicator to quantify the impact of load-
induced cracks on the risk of corrosion initiation along the
reinforcement. In particular, the simulated extent of separa-
tion along the reinforcement is in very good agreement with
all experimental observations, i.e. mechanical, electrochem-
ical, and visual.

(2) The presented FEM model can simulate various damage phe-
nomena (cracking, slip, and separation) associated with
three point bending tests, which was demonstrated compar-
ing experimental results obtained from photogrammetric
investigations and numerical results for three different con-
crete compositions. Input parameters describing the fracture
mechanical behaviour of the crack, slip, and separation
interface were either obtained from independent tests or
varied to fit experimental data, where fitted parameters
appear to be in the correct order of magnitude.

(3) Since the applied FEM model directly accounts for the
impact of various parameters (e.g. concrete cover thickness,
concrete composition, stress level in the reinforcement and
crack orientation) on the mechanical response of the beam
(extent and magnitude of slip and separation between rein-
forcement and concrete), it is the authors’ opinion that the
predicted interfacial damage may be used as a parameter
to quantify the risk of corrosion initiation in subsequent ser-
vice life analyses.
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1 INTRODUCTION 

One of the major deterioration problems of rein-
forced concrete structures is corrosion of steel caus-
ing considerable damages and costs due to mainten-
ance and repair needs. In Europe more than € 250 
billion are spent annually for maintenance and repair 
of concrete structures due to deterioration (Li 
(2004)), in which corrosion of reinforcing steel is es-
timated to be related to 90% of the degradation prob-
lems (Rendell et al. (2002)). Corrosion can cause 
formation of cracks in the concrete cover as well as 
cross sectional reduction of reinforcement area af-
fecting strength and serviceability of reinforced con-
crete structures. Prediction of the corrosion process 
as well as the subsequent formation and propagation 
of cracks could be used for prediction of residual 
service life and support maintenance planning of 
reinforced concrete structures. 

A variety of models dealing with corrosion in-
duced concrete cover cracking can be found in the li-
terature. The available models can be broadly di-
vided into empirical, e.g. Alonso et al. (1998), 
analytical, e.g. Bazant (1979) and Chernin et al. 
(2009), and numerical models, e.g. Molina et al 
(1993). Some of the models include various pheno-
mena associated with corrosion induced cover crack-
ing, such as diffusion of corrosion products, e.g. Liu 
& Weyers (1998) and debonding, e.g. Noghabai 
(1999). Most of the models show reasonable agree-
ment with experimental results obtained from acce-
lerated corrosion tests, e.g. Andrade et al. (1993) and 
Val et al. (2009). However, the use of the models to 
predict corrosion induced cover cracking is limited 

since a constant corrosion rate is assumed, which is 
unlikely for concrete structures subjected to realistic 
exposure conditions. 

In the present paper the theoretical framework for 
a combined modeling approach is presented, which 
allows prediction of the corrosion rate of steel in 
concrete and the resulting formation of cracks in the 
concrete cover. The formation of Fe2O3·H2O as un-
iformly distributed corrosion products is assumed 
(see e.g. Marcotte & Hansson (2007), Küter (2009)). 
In contrast to previously presented models, the pro-
posed electrochemical and mechanical modeling ap-
proach does not assume a constant corrosion rate of 
the reinforcement. An electrochemical corrosion 
model is used to predict the corrosion rate of the 
reinforcement accounting for the impact of varying 
exposure conditions. Focus is placed on the propaga-
tion stage of macro cell corrosion with prescribed 
anodic and cathodic reinforcement regions. Applica-
tion of Faraday´s law allows to link the FEM based 
corrosion model with a crack propagation model by 
determining the rate of formation of corrosion prod-
ucts from predicted corrosion current densities. To 
model the corrosion induced cracks in the concrete 
cover, a FEM based crack model is proposed. The 
developed model focuses on the propagation of 
cracks in the concrete cover. Cracking of the con-
crete is described by a cohesive discrete cracking 
approach with a multi-linear softening cohesive rela-
tion. The expansive nature of the corrosion products 
is modeled using a thermal analogy. The assump-
tions made in the present study allow a conservative 
prediction of the corrosion rate of reinforcement and 
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ditions on the corrosion current density and subsequent formation of cracks is illustrated. 



the subsequent corrosion induced concrete cover 
cracking.  

Finally, a numerical example is given illustrating 
the potential use of the proposed modeling approach 
taking into account the impact of various exposure 
conditions on the corrosion rate of steel and the cor-
rosion induced cover cracking. 

2 MODELLING APPROACH 

2.1 Two-phase FEM based corrosion model 
To model the corrosion process of reinforcement in 
concrete structures a physio-chemical, FEM based 
corrosion model has been established. In the model 
electrochemical corrosion processes are combined 
with transport mechanisms to allow simulation of 
the propagation of macro cell corrosion in a homo-
geneous defect-free concrete-steel system. The sys-
tem modeled is illustrated in Figure 1. Since the pro-
posed corrosion model is dealing with the 
propagation stage of reinforcement corrosion the 
anodic and cathodic areas of the reinforcement are 
prescribed. 

For the description of the electrochemical 
processes in the concrete pore solution acting as 
electrolyte two physical laws can be used (see e.g. 
Warkus et al. (2006)). The first one is Laplace’s eq-
uation, which describes the potential distribution in 
the concrete pore solution assuming electrical charge 
conservation and isotropic conductivity 

02 =∇ φ  (1) 

where ∇ = nabla operator and φ = potential. The 
second is Ohm´s law describing the rate of dissolu-
tion of iron on the steel surface in concrete if the po-
tential distribution and the resistivity of the electro-
lyte are known (Isgor & Razaqpur (2006)) 
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where i = current density, ρ T = concrete resistivity 
and n = direction normal to the rebar surface. 
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Figure 1: Two-phase FEM based corrosion model. 

In order to solve Laplace´s equation (Eq. 1) appro-
priate boundary conditions are needed in the form of 
so-called polarization or potential-current curves 
quantifying the relation between current and poten-
tial at the steel surface. For the anodic and cathodic 
regions of the steel surface the boundary conditions 
can be defined as 

A
φφ =  and 

C
φφ =  (3) 

where φ A = anodic potential and φ C = cathodic po-
tential. Assuming that the steel surface polarizes due 
to activation and concentration polarization, the 
boundary conditions for the anodic and cathodic re-
gions of the steel can be expressed as follows 
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where iA = anodic current density, i0,A = anodic ex-
change current density, E0,A = anodic equilibrium po-
tential and bA = anodic Tafel constant and 
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where iC = cathodic current density, i0,C = cathodic 
exchange current density, E0,C = cathodic equili-
brium potential, bC = cathodic Tafel constant and iLim 
= limiting current density. More information on the 
theory of polarization phenomena of metals in an 
electrolyte can be found e.g. in Stern & Geary (1957) 
and Bardal (2004). 

Potential distribution in the concrete pore solution 
and hence the corrosion rate of the reinforcement 
(see Eq. 2) are strongly influenced by exposure con-
ditions as well as material properties of the rein-
forced concrete structure. To account for the impact 
of environmental conditions and material properties 
on the polarization behavior of the steel surface a set 
of partial differential equations (PDE’s) is solved. In 
particular the distribution of temperature, moisture, 
oxygen and resistivity in the concrete domain and 
along the concrete-steel interface are of interest. 

Distribution of a potential, such as temperature, 
moisture and oxygen gradients, as well as the corro-
sion process itself in concrete and along the con-
crete-steel interface can be described by a quasi-
harmonic equation of the form (Isgor & Razaqpur 
(2006)) 



( ) 0=+∇∇+
∂
∂

QXXD
t
X

α  (6) 

where α = coefficient representing material proper-
ties, X = potential, t = time, DX = corresponding 
transport functions for potential X and Q = sink term 
for negative values and a source term for positive 
values. 

The time dependent moisture distribution in the 
concrete domain is determined by solving Equation 
(6) with a moisture dependent transport coefficient 
as corresponding transport function for the moisture 
potential. A number of empirical and analytical ex-
pressions for the moisture dependent transport coef-
ficient can be found in the literature e.g. in Künzel 
(1994), Bazant (1994) and Pel (1995). In the present 
study an exponential function for the moisture de-
pendent transport coefficient proposed by Wittmann 
(1992) is selected to describe the moisture transport 
in concrete 

( )RHcba
RH

D exp+=  (7) 

where DRH = moisture transport function, a,b,c = 
non-physical fitting parameters and RH = relative 
humidity. It should be noted that effects of hysteresis 
(see e.g. Scheffler (2009)) are not taken into account 
in the present modeling approach. However, to dem-
onstrate the potential use of the proposed combined 
modeling approach to predict the corrosion rate as 
well as propagation of cracks in the cover of rein-
forced concrete structures such a simplification 
seems to be appropriate. 

The limiting current density term, iLim, introduced 
in Equation (5) describing the polarization of ca-
thodic reinforcement sites indicates that oxygen 
availability plays an important role in the polariza-
tion behavior. A function for iLim can be obtained 
combining Faraday´s law with Fick’s law and may 
be written as follows 

d
BcTOzFD

Lim
i ,2=  (8) 

where z = number of electrons transferred, F = Fara-
day’s constant, DO2,T = oxygen transport function, cB 
= oxygen concentration at the concrete surface and d 
= concrete cover thickness. To describe the oxygen 
transport in concrete an empirical expression pro-
posed by Papadakis et al. (1991) is chosen 

( ) 2.2161092.1
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where DO2 = oxygen transport function at reference 
temperature and εP = concrete porosity. The influ-
ence of the temperature on the oxygen transport is 
modeled with an Arrhenius equation 
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where ∆UO2 = activation energy for oxygen diffu-
sion, R = universal gas constant and T = absolute 
temperature. Values for the activation energy of 
oxygen diffusion can be found e.g. in Page & Lam-
bert (1987) and Isgor et al. (2009). 

Furthermore, the concrete resistivity, which is af-
fected by numerous factors, such as the moisture 
content, concrete microstructure, ion concentration, 
temperature and possible fiber content, plays an im-
portant role in determining the polarization of the 
steel surface in concrete. Values for concrete resis-
tivity for various exposure conditions and different 
concrete moisture contents can be found in the litera-
ture, e.g. in Polder (2001). For simplicity it is as-
sumed that the resistivity only depends on the mois-
ture content and temperature in the present model. 
Experimental studies investigating the relation be-
tween moisture content and resistivity for different 
concrete and mortar types have been carried out and 
can be found e.g. in Hötte (2003). 

To describe the moisture dependence of the con-
crete resistivity a power law is used in the present 
model 

c
b

a
MC

−
=

1

ρ  (11) 

where ρ  = concrete resistivity at reference tempera-
ture, a,b,c = non-physical fitting parameters and MC 
= moisture content. Experimental data presented by 
Hötte (2003) and fitted data (Eq. 11), for a CEM 1 
concrete is given in Figure 2. The influence of tem-
perature on the resistivity is modeled with an Arrhe-
nius equation 
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where ρ T = concrete resistivity and ∆URH = activa-
tion energy for moisture transport. Values for the ac-
tivation energy of moisture transport can be found 
e.g. in Chrisp et al. (2001). 
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Figure 2: Experimental (Hötte (2003)) and fitted data for con-
crete resistivity as a function of moisture content. 



2.2 FEM based crack propagation model 
After the corrosion current density along the con-
crete steel interface is predicted by the corrosion 
model, deformations and crack propagation in the 
concrete cover due to the formation of expansive 
corrosion products can be determined using the pro-
posed FEM based crack propagation model. The 
present fracture mechanics model assumes uniform 
corrosion along the reinforcement leading to a 2D 
problem in a plain strain formulation. The crack 
propagation in the concrete cover of reinforced con-
crete structures is modeled assuming that no corro-
sion products diffuse into concrete pores, voids or 
cracks. 

In the proposed model two different fracture types 
are considered accounting for the crack propagation 
in the concrete cover due to corrosion. The underly-
ing assumption of the proposed model for cracking 
in the concrete cover is Mode-I crack propagation. It 
is assumed that the crack propagates in the concrete 
cover when the tensile stresses due to expansion of 
the corrosion products exceed the tensile strength of 
the concrete. Debonding effects between concrete 
and reinforcement are described by Mixed-mode 
crack propagation. Both phenomena, cracking in the 
concrete cover and debonding, are described by a 
discrete cracking approach in the present model. 
Tension softening is described based on a cohesive 
discrete cracking model in which multi-linear soften-
ing relations are adopted from Skoček & Stang 
(2009). The fracture energy of the Mode-1 crack 
opening behavior during the Mixed-mode crack 
propagation (debonding effects) is reduced by a fac-
tor of 10 compared to pure Mode-I crack propaga-
tion to account for a reduced bonding between con-
crete and corrosion products. A constant shear 
modulus of 10GPa after cracking is assumed for the 
Mixed-mode crack propagation.  

Zero-thickness cohesive interface elements are 
implemented perpendicular (simulating Mode-I 
crack propagation in the concrete cover) and circum-
ferential (simulating Mixed-mode crack propaga-
tion) to the reinforcement allowing crack propaga-
tion only in the implemented interface elements. 
However, comparing with experimental results of 
crack patterns due to expansion of corrosion prod-
ucts (see e.g. Andrade et al. (1993), Alonso et al. 
(1998) and Val et al. (2009)) the definition of a pre-
scribed crack path seems to be appropriate. 

Linear elastic material properties are defined for 
the semi-infinite concrete body, corrosion layer and 
reinforcement section (see Fig. 3). Elastic material 
properties for the corrosion products can be found in 
the literature (see e.g. Molina et al. (1993), Suda et 
al. (1993) and Caré et al. (2008)). For the present 
model material properties proposed by Ouglova et al. 
(2006) are used. A Young´s modulus of 2.1 GPa and 
a Poisson ratio of 0.2 are defined for the corrosion 
layer. 
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Figure 3: Crack propagation in proposed FEM model. 
 

Since corrosion of reinforcement is not a typical 
load scenario in commercial FEM codes a special 
way of load application is used to model the propa-
gation of cracks in the concrete cover. Initially, the 
cross sectional area of the reinforcement, reduced 
due to corrosion, is determined, and afterwards the 
expansion of the corroded reinforcement section is 
modeled. Crack propagation as well as load applica-
tion in the FEM model and basic geometrical con-
siderations are illustrated in Figure 3 and Figure 4, 
respectively. For the determination of the corroded 
reinforcement section Faraday´s law is used, which 
describes the relation between thickness reduction 
per time unit and corrosion current density, predicted 
by the FEM based corrosion model 

( ) ( )∫=
t

dttcorri
zF
M

tX
0ρ

 (13) 

where X(t) = thickness reduction, icorr (t) = corrosion 
current density, M = mol mass of the metal, z = 
number of electrons in the reaction equation for the 
anodic reaction and ρ  = density of the metal. For 
the present model 100% current efficiency is as-
sumed meaning that all corrosion current is used for 
dissolution of iron. 

Initially, the reinforcement with a radius RO is 
embedded in the concrete. 
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Figure 4: Load application in FEM model (left) and basic geo-
metrical considerations (right) of crack propagation model. 



Assuming uniform corrosion the cross sectional re-
duction of the reinforcement can be calculated 

XRR −=
01

 (14) 

where R1 = remaining radius of non-corroded rein-
forcement, R0 = initial radius of reinforcement and X 
= thickness reduction according to Equation (13). 
The linear expansion coefficient η can be written as 
follows 

X

R0∆
=η  (15) 

where ∆R0 = increase of the initial radius of the rein-
forcement due to the expansion of corrosion prod-
ucts. 

A thermal analogy is used to model the expansive 
nature of the corrosion products applying a thermal 
load to the corroded reinforcement section (see Fig. 
4). Assuming a constant coefficient of thermal ex-
pansion, the applied temperature increment has to 
represent the formed corrosion product. Further-
more, the resulting thermal expansion has to be 
equal to the linear expansion coefficient in Equation 
15. As mentioned before, the formation of uniformly 
distributed Fe2O3·H2O as corrosion product is as-
sumed with a volume expansion coefficient of 6.3. 
Assuming isotropic material properties of the corro-
sion products, the linear expansion coefficient is one 
third of the volume expansion coefficient. Hence, 
the linear expansion coefficient applied to the cor-
roded reinforcement section in proposed crack prop-
agation model is 2.1 assuming the formation of 
Fe2O3·H2O as corrosion product. 
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Figure 5: Time dependent material definitions for reinforce-
ment and corrosion layer in crack propagation model. 
 

Since the corroded reinforcement section increases 
over time (see Eq. 13 and 14) the area which is sub-
jected to the thermal load needs to be revaluated to 
obtain the correct stress state in the model. For each 
time step of the analysis the corresponding material 
properties have to be assigned to the correct domains 
in the finite element model. This is because the 
stress distribution and hence the crack propagation in 
the surrounding concrete depends on the interaction 
between the remaining reinforcement section, the 
corrosion layer and the elastic part of the semi-
infinite concrete body. The time dependent material 
definitions and load application proposed for the 
present crack propagation model are given in Figure 
5. 

3 NUMERICAL EXAMPLE 

To demonstrate the potential use of the proposed 
combined modeling approach a numerical example 
is given.  

Initially, the corrosion model is used to predict 
the corrosion current density for various exposure 
conditions (varying moisture contents, temperature 
and oxygen). The model geometry for the numerical 
example is given in Figure 6. The polarization beha-
vior of the reinforcement described by Equations (4) 
and (5) for the anodic and cathodic sites, respective-
ly are illustrated in Figure 7. To reduce computa-
tional time the symmetrical properties of the system 
are utilized and only half of the geometry is mod-
eled. The input parameters used in the analysis are 
given in Table 1. For the numerical solution of the 
time dependent corrosion problem, involving solu-
tion of Equations (1), (2) and (6), the commercial 
FEM software COMSOL Multiphysics is used. 5725 
triangular elements are used to describe the concrete 
and steel domain, with a finer mesh in the anodic 
reinforcement region. Lagrange quadratic elements 
are used as element type and the time steps are cho-
sen by the solver. 
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Figure 6: Corrosion model geometry for numerical example 
(not to scale). 
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Figure 7: Corrosion model boundary conditions for numerical 
example. 
 
Table 1: Input parameters (corrosion and crack propagation 
model) for numerical example. 
Parameter Value Dimension 
Anodic exchange current density 
at equilibrium 

1.88 E-04 A/m2 

Anodic equilibrium potential -0.78 V 
Anodic Tafel constant 0.06 V/dec 
Cathodic exchange current density 
at equilibrium 

6.25 E-06 A/m2 

Cathodic equilibrium potential 0.16 V 
Cathodic Tafel constant 0.16 V/dec 
Concrete resistivity Eq. (11) ohm m 
Initial bulk humidity 0.9 - 
Moisture transport Eq. (6) 

and (7) 
m/s2 

Limiting current density Eq. (8) A/m2 
Oxygen transport Eq. (6) 

and (9) 
m/s2 

Temperature Eq. (6) K 
   
Concrete cover 50 mm 
Reinforcement diameter 25 mm 
Corroded reinforcement section  Eq. (13) mm 
Young´s modulus reinforcement 210 GPa 
Poisson ratio reinforcement 0.3 - 
Young´s modulus concrete 30 GPa 
Poisson ratio concrete 0.2 - 
Tensile strength concrete 4 MPa 
Young´s modulus corrosion prod-
ucts 

2.1 GPa 

Poisson ratio corrosion products 0.2 - 
Thermal expansion coefficient cor-
rosion products 

2.1 -/K 

Temperature increment 1 K 
 
The FEM based crack propagation model is used to 
demonstrate the influence of varying corrosion rates, 
predicted by the corrosion model, on the propagation 
of corrosion induced cracks in the concrete cover of 
reinforced concrete structures. The model geometry 
chosen for the numerical example is illustrated in 
Figure 8. A model size of 225mm proved to be suf-
ficient to represent the semi-infinite concrete body, 
which was checked before actual simulations were 
carried out with the crack propagation model. The 
implemented cohesive relations for the interface 
elements perpendicular and circumferential to the 

reinforcement are given in Figure 9. Input parame-
ters used in the example are given in Table 1. To si-
mulate the crack propagation due to the expansive 
nature of corrosion products the commercial FEM 
software DIANA is used. 902 quadrangular elements 
(2864 DOF´s) are used to describe the interface, 
concrete, reinforcement and corrosion layer domain 
in the model. Nonlinear solution is obtained using a 
standard Newton-Raphson method with a displace-
ment controlled convergence criterion. 
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Figure 8: Crack propagation model geometry for numerical ex-
ample (not to scale). 
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Figure 9: Cohesive relation for Mode-I and Mixed-mode inter-
face elements in numerical example after Skoček & Stang 
(2009). 

4 RESULTS 

Results of the numerical example are presented in 
Figures 10-12. Initially, the FEM based corrosion 
model was used to predict corrosion current densi-
ties for varying exposure conditions. Afterwards, the 
proposed crack model was used to relate the pre-
dicted corrosion current densities and model the 
propagation of cracks in the surrounding concrete 
due to formation of expansive corrosion products. 

4.1 Corrosion model 
To demonstrate the potential use of the corrosion 
model, corrosion current densities were predicted 



with the model for three different exposure scena-
rios. For the presented numerical example the effects 
of varying relative humidity, temperature and oxy-
gen content on the corrosion current density were 
studied. More details on the three exposure scenarios 
are given in Table 2. Results of the numerical simu-
lation are given in Figure 10. It is evident from the 
results that the corrosion current density depends on 
the investigated exposure scenarios. The most pro-
nounced effect can be observed for exposure scena-
rio 1, following the changing moisture content in the 
concrete due to the applied boundary conditions and 
moisture transport function. The impact of exposure 
scenarios 2 and 3 appears to be less distinct for the 
investigated geometry and boundary conditions. 
 
Table 2: Parameters describing different exposure scenarios. 
Scenario Relative humidity Temperature Oxygen 
 [-] [K] [mol/m3] 
1 0.72 - 0.91 295 1 
2 0.8 275 - 295 1 
3 0.8 295 0.2 - 1 

4.2 Crack propagation model 
Crack openings for different locations in the sur-
rounding concrete as a function of the corrosion 
layer thickness are given in Figure 11. As expected, 
the crack opens first at the rebar surface due to the 
expansion of the corrosion layer and is propagating 
towards the concrete surface. As soon as the crack 
reaches the concrete surface a linear relation be-
tween thickness of corrosion layer and crack opening 
can be observed. Figure 12 illustrates the crack 
opening at the concrete surface as a function of time 
for the predicted corrosion current densities. It is 
evident from the results that crack opening as well as 
propagation depend on the corrosion current density 
predicted by the corrosion model. For the presented 
numerical example it can be seen, that the crack 
opening as well as the crack propagation are delayed 
for the corrosion current densities determined for the 
exposure scenarios 2 and 3 compared to exposure 
scenario 1. 
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Figure 10: Corrosion current densities for exposure scenarios. 
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Figure 11: Crack opening depending on corrosion layer thick-
ness for model geometry and cohesive relation. 
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Figure 12: Crack opening at concrete surface for predicted cor-
rosion current densities. 

5 SUMMARY AND CONCLUSIONS 

A combined electrochemical and mechanical model-
ing approach to simulate the formation of cracks in 
reinforced concrete structures due to corrosion was 
presented. A two-phase finite element based corro-
sion model was used to determine the corrosion cur-
rent density of steel in concrete taking into account 
the impact of varying exposure conditions. A crack 
propagation model was used to simulate the forma-
tion of cracks in the concrete cover due to the expan-
sive nature of formed corrosion products. The pro-
posed crack propagation model does not take into 
account the diffusion of corrosion products into con-
crete pores, voids or cracks, resulting in an overes-
timation of the crack propagation. Furthermore, the 
presented modeling approach does not take the in-
fluence of corrosion induced cracks on the transport 
properties of the concrete into account. 

To demonstrate the potential use of the proposed 
combined modeling approach a numerical example 
was presented. In the example the influence of vari-
ous parameters of the corrosion model on the crack 
propagation were investigated. The presented results 
illustrate the major impact of the corrosion current 



density on the crack propagation. Furthermore, the 
need for a realistic prediction of the corrosion rate as 
well as selection of the corrosion products formed to 
simulate formation of corrosion induced concrete 
cover cracking is evident from the presented results.  

For a better understanding of the corrosion 
process in concrete structures as well as subsequent 
formation of cracks, future investigations should al-
so focus on the impact of concrete material parame-
ters, model geometry as well as mechanical proper-
ties of the corrosion products formed (see e. g. 
Solgaard et al. (2009)). 
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To test the applicability of the x-ray attenuation method to monitor corrosion products as well as the
formation and propagation of cracks in cementitious materials, reinforced mortar samples were tested under
accelerated corrosion conditions. Experimental results demonstrate x-ray attenuation measurements can
track time-dependent development of corrosion products and the subsequent initiation and propagation of
corrosion-induced cracks. Also, x-ray attenuation measurements allowed determination of the actual
concentration of the corrosion products averaged through the specimen thickness. The total mass loss of steel,
obtained by the x-ray attenuation method, was found to be in very good agreement with the mass loss
obtained by gravimetric method as well as Faraday's law. Results of the presented experimental approach
provide pertinent information for the further development and verification of numerical tools simulating
corrosion-induced damage in reinforced concrete.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Corrosion of reinforcement in reinforced concrete structures is a
major deterioration problem causing considerable costs due to
durability design, maintenance, and repair needs. Therefore, the
development of models to predict the (residual) service life of
reinforced concrete structures subjected to corrosion has gained
momentum in the past decades. Service life models attempt to
describe the initiation and propagation phases of reinforcement
corrosion (e.g., Refs. [1–3]) and numerous mechanical models have
been developed to describe the subsequent consequences of rein-
forcement corrosion (i.e., corrosion-induced concrete cracking or
spalling) (e.g., Refs. [4–6]). The proposed models can be broadly
divided into empirical [4], analytical, [5,7–11], and numerical [6,12–
16] models. An initial model to simulate corrosion-induced concrete
cracking in Ref. [5] considered only expansion of reinforcement,
inducing an internal pressure on the surrounding concrete. This
model significantly underestimated the time-to-crack initiation. The
initial model was extended and the concept of the “porous” or
“diffusion” zone was introduced (e.g., Ref. [8]) to adjust the model to
fit experimental data. Later, additional parameters were included in
the various models to describe different phenomena related to
corrosion-induced concrete cracking, e.g., debonding [12] and creep/
shrinkage [14].

The commonly called “diffusion” or “porous” zone is a vital
parameter in the proposed corrosion-induced concrete cracking
models. The zone describes a region of concrete around the
reinforcement which can accommodate expansive corrosion prod-
ucts, delaying stress development in the concrete. This region has a
major influence on the predicted time-to-crack initiation and the
crack propagation behavior [8,10,15]. These commonly used terms
(“diffusion” or “porous” zone) are however potentially misleading
and/or confusing. The entire concrete surrounding is porous, not just a
certain region in close proximity to the reinforcement. Also,
development of solid corrosion products is likely not governed by
diffusion alone. Diffusion (i.e., transport of matter due to concentra-
tion gradients) may describe the movement of ions present in the
concrete pore solution (e.g., Cl−, Ca+, K+) or formed during the
corrosion process (e.g., Fe2+, Fe3+) through the concrete pore system.
However, solid corrosion products (e.g., Fe2O3, Fe3O4), which actually
induce the internal pressures, precipitate. Therefore, the “diffusion” or
“porous” zone is referred to as the corrosion accommodating region
(CAR) throughout this paper and is suggested as an alternative term
to more accurately describe this region.

Inconsistent values are cited for the CAR, ranging from 0.002 to
approximately 0.12 mm in thickness [7]. In some cases, the size of the
CAR is “determined” by adjusting the value to provide model outputs
in line with experimental results [8,9,15,16]. Other experimental
methods (e.g., image correlation [10], acoustic emission [17],
ultrasound and thermography [18], etc.) are capable of detecting
corrosion-induced damages; however, to date these techniques are
not capable of providing simultaneous real-time measurements on
the amount and/or location(s) of corrosion products. Experimental
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methods to physically measure the thickness of the CAR include
cutting, sawing and impregnating samples [10]. These destructive
methods are potentially invasive, causing possible movement or
washing away of corrosion products and hindering reliable
measurements.

2. Research significance

Model predictions of corrosion-induced concrete cracking behav-
ior are heavily dependent upon the size of the corrosion accommo-
dating region (CAR). However, a reliable method to measure the size
of the CAR has been lacking. This paper focuses on the application of a
non-destructive test method, x-ray attenuation measurements, to
monitor the time-dependent development of corrosion products and
subsequent corrosion-induced cracking. X-ray attenuation measure-
ments are commonly used to monitor moisture movements in
concrete and other porous materials (e.g., Refs. [19–23]). Advantages
of the x-ray attenuation technique include the non-invasive nature of
the method and the ability to directly measure time-dependent
changes in concentration of water (i.e., moisture content). This study
investigates the ability of the technique to monitor changes in
concentration of corrosion products during reinforcement corrosion
and to detect cracking of the surrounding concrete.

3. Experimental approach

To test the applicability of the x-ray attenuation method to
monitor the development of corrosion products and cracking
behavior in cementitious materials, reinforced mortar samples were
tested under accelerated corrosion conditions. All materials and
testing methods are described below.

3.1. Materials and specimen preparation

Aalborg Rapid® portland cement (Type 52.5N cement [24]) was
used. The mix contained 375 kg/m3 cement, 1125 kg/m3

fine
aggregates (0–4 mm Class E sand in accordance with Ref. [25]), and
had a water-to-cement ratio of 0.50. No chlorides were added to the
mix, as corrosion was induced by applying electrical current as
described in Section 3.2.1. As reinforcement, a smooth steel rod with
8 mm diameter was embedded in the center of the 4×6×15 cm3

prism. Fig. 1(a) illustrates the cross-section of the mortar specimen.
After casting, the specimen was stored for 24 hours under a plastic

sheet in laboratory conditions (i.e., 20±2°C) andwas then demolded.
Upon demolding, the specimen was stored under water for additional
24 hours at 20 ±2°C. The 15 cm long prisms were cut in 2 cm lengths
using a water-cooled concrete saw. A lead wire was soldered to the
reinforcement to allow for accelerated corrosion. All specimen

surfaces, except the top and bottom surfaces (see Fig. 1(a) for
orientation), were then sealed with paraffin wax. The top and bottom
were left unsealed to allow access of oxygen from the top and
moisture/current from the bottom. A second, reference specimen (see
Fig. 1(a)) was created using the identical procedure (i.e., materials,
specimen dimension, curing, cutting, etc.); however, the reference
specimen was un-reinforced and completely sealed with paraffin wax
to maintain constant moisture conditions.

3.2. Testing procedures

The experimental set up, given in Fig. 1(a), consisted of the
reinforcedmortar specimen partially submerged in a tap water bath, a
sealed reference sample, and a steel shield. The gap between the
reference specimen and the reinforced mortar specimen was covered
with a steel shield to prevent a free path for x-ray photons to pass
through, which may damage the x-ray equipment. Details concerning
the accelerated corrosion and x-ray measurement techniques are
discussed in the following sections.

3.2.1. Accelerated corrosion
To impress an electrical current through the counter electrode

(ruthenium/iridiummixedmetal oxide activated titaniummesh) a DC
regulator was used. Electrical connection between the working
(reinforcement) and counter electrodes was realized by placing the
mortar specimen in tap water (no chlorides were added to the
solution). The current density applied during the accelerated test was
250μA/cm2. It should be noted that such current densities certainly
exceed natural conditions. However, as the focus of this work was to
test the applicability of x-ray attenuation technique to detect and
monitor corrosion products, the applied current density was consid-
ered adequate.

3.2.2. X-ray measurement technique
A GNI x-ray facility located at the Technical University of Denmark

[26] was used for x-ray attenuationmeasurements. Fig. 2 shows the x-
ray source (a polychromatic x-ray source), a 252×256 pixel x-ray
camera, and a programmable three-axis motion frame for moving the
source and camera, which are housed in a shielded, environmentally
controlled chamber. The x-ray source excitation settings used were a
voltage of 80 keV and a current of 75μA. The x-ray source was
automatically ramped up to these settings over a 200 second “warm-
up” period and the x-ray source was allowed to stabilize for
600 seconds prior to recording images.

A single measurement consisted of 20 x-ray camera images
recorded with an integration time of 1 second. The intensities
measured by individual pixels from the 20 images were summed.
So-called dark current images (i.e., x-ray camera images recorded

Fig. 1. (a) Experimental set up for accelerated corrosion applying an impressed current with x-ray measurement area indicated, and (b) a typical x-ray image of transmitted intensity
showing the steel rod, steel shield, measurement specimen, and the reference area.
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while x-ray source is turned off), recorded prior to all x-ray
measurements, were subtracted from the measured intensities.
Fig. 1 shows the location and size of the measured area along with a
typical image captured by the x-ray camera. The area of the reference
specimen captured in the x-ray images was used to normalize all
images. Before any current was applied to the reinforcement, the
specimen was measured three times (i.e., a total of 60 images) in its
initial state. After commencing the accelerated corrosion testing, x-ray
measurements were recorded every hour, on the hour, for the first
25 hours, followed by measurements every 2 hours until termination
of the test at 147 hours. Testing was terminated due to extensive
corrosion-induced damage to the mortar. Additional information on
the x-ray measurement procedure (i.e., dark current measurements,
use of reference samples, etc.) is available in the literature [23,27–29].

As illustrated in Fig. 3, x-ray photons produced by the source
interact with the specimen and corrosion products prior to reaching
the x-ray camera. The following sections describe the theoretical
background of the x-ray attenuation technique and its potential
applicability to monitor corrosion of steel reinforcement embedded in
cementitious materials.

3.2.3. Theoretical background of x-ray measurement technique
Fig. 3(a) shows the fundamental layout of an x-ray attenuation

measurement. The x-ray source produces a polychromatic beam of x-
ray photons (i.e., photons with varying energy levels) with a given
incident intensity, I0, which passes through a test specimen with a
thickness, t. As the x-ray photons pass through the specimen a portion
of the incident intensity, I0 is attenuated (i.e., absorbed and scattered)
and the transmitted intensity, I is recorded by the 64,512 individual
pixels in the x-ray camera. The attenuation behavior of a monochro-
matic x-ray photon (i.e., photons with a single energy level) is
described by the Beer–Lambert law (Eq. 1) [20,30]:

I = I0·e
−μ·t ð1Þ

where, μ is the linear attenuation coefficient. The linear attenuation
coefficient has units of cm−1, while intensity and transmitted
intensity are unitless quantities of “counts” or “hits” of individual x-
ray photons. As mentioned, the Beer–Lambert law describes attenu-
ation of monochromatic x-ray photons; however, a polychromatic x-
ray source was utilized here. Polychromatic x-ray photon beams
undergo beam hardening [31] during interactions with the specimens
as all elements and compounds preferentially attenuate lower energy
x-ray photons [33], resulting in an increase in the average energy (or
“hardening”) of the x-ray photon beam. To account for this

discrepancy, the linear attenuation coefficient, μ in Eq. (1) must be
replaced by the effective attenuation coefficient, μ ef [22,23] as shown
in Eq. (2).

I = I0·e
−μ ef ·t ð2Þ

The effective attenuation coefficient, μef, which accounts for beam
hardening effects, must be directly measured and varies with the
thickness of the material (and likely with varying x-ray sources due to
changes in x-ray photon spectra).

Commonly, x-ray experiments to track conditional changes in a
material (i.e., moisture conditions or, in this case, content of corrosion
products) are described as the composite system illustrated in Fig. 3
(b) [19,20,22,23,27–29]. The composite system consists of a non-
corroded, saturated reinforced mortar specimen with thickness, tm in
series with corrosion products with thickness, tcp. Based on Eq. (2),
the transmitted intensity of the polychromatic x-ray source before
reinforcement corrosion, Inon is described by Eq. (3):

Inon = I0·e
−μ ef ;m·tm ð3Þ

where μ ef,m is the effective attenuation coefficient of mortar. The
transmitted intensity of polychromatic x-ray beam before reinforce-
ment corrosion, Inon continues and interacts with the corrosion
products. The corrosion products further reduce the transmitted
intensity as described by Eq. (4):

Icorr = Inon·e
−μ ef ;cp·tcp = I0·e

−μ ef ;m·tm−μ ef ;cp·tcp ð4Þ

where Icorr is the transmitted intensity after corrosion, and μ ef,cp is the
effective attenuation coefficient of the corrosion product.

The change in concentration of corrosion products in the specimen,
Δccp (g/cm3) is calculated as change in corrosion products within the
specimen volume or, assuming a constant cross-section, a change in
corrosion products within the specimen thickness according to Eq. (5):

Δccp =
ρcp·ΔVcp

V
=

ρcp·Δtcp
t

ð5Þ

where ρcp is the density of the corrosion products (g/cm3), ΔVcp is the
change in volume of corrosion products within the specimen's
volume, V, and Δtcp is the change in thickness of corrosion products
within the specimen's thickness, t.

Combining Eqs. (4) and (5) yields Eq. (6), which relates the
transmitted intensity after corrosion, Icorr to the change in concen-
tration of corrosion products, Δccp:

Icorr = Inon·e
− μ ef ;cp·Δccp·tð Þ=ρcp ð6Þ

and solving for change in concentration of corrosion products, Δccp (g/
cm3) yields Eq. (7):

Δccp = −
ρcp

μef ;cp·t
·ln

Icorr
Inon

� �
: ð7Þ

The transmitted intensity prior to corrosion, Inon is a specimen's
initial non-corroded condition, while Icorr was measured at various
times after application of a constant current. Therefore, by measuring
Icorr over time andusing Eq. (7) the concentrationof corrosion products
can be directly measured as a function of time and two dimensional
space (i.e., x-ray camera provides location-dependent information), if
μ ef,cp and ρcp are known. The following section describes methods to
determine μ ef,cp, while values for ρcp are available in the literature [32].

3.2.4. Attenuation coefficients of potential corrosion products
Linear attenuation coefficient of corrosion products, μ cp can be

determined via calculations using tabulated data on the linear

Fig. 2. X-ray attenuation measurement system with experimental setup consisting of
the x-ray source and camera along with the specimens. A container filled with corrosion
products (Fe2O3) was placed in front of the reference specimen to determine linear
attenuation coefficient of corrosion products, μcp (discussed in Section 3.2.4).
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attenuation coefficients of elements presented in Ref. [33]. For direct
measurements of the effective attenuation coefficient, red rust (i.e.,
Fe2O3) was collected, pulverized using amortar and pestle, and placed
and compacted in acrylic containers in varying thicknesses (0, 1, 3,
and 5 mm). As shown in Fig. 2, the acrylic containers were placed in
front of the reference sample and the transmitted intensities were
measured at varying x-ray source voltage settings (70, 80, 90, 100, and
110 keV) with the containers empty and then filled with corrosion
products. The effective attenuation coefficient of the corrosion
products, μ ef,cp can then be calculated in accordance with Eq. (4).
The same procedure is used to determine the effective attenuation
coefficient of water in other investigations [20,23]. All measurements
were taken with an x-ray source current setting of 75μA. Also, the
linear attenuation coefficients of compounds can be calculated as
described in Ref. [33] and previously applied in Ref. [23,27] based on
compound density and stoichiometry. Linear attenuation coefficients
of several potential corrosion products (Fe2O3, Fe3O4, Fe(OH)2, Fe
(OH)3, and FeCl2+) [34] and water (H2O) were calculated.

4. Experimental results

4.1. Attenuation coefficients of corrosion products and measurement
resolution

Fig. 4 shows the calculated linear attenuation coefficients for water
and various thermodynamically feasible reinforcement corrosion
products, determined as described in Section 3.2.4. The measured
effective attenuation coefficients for Fe2O3 correlate well with
calculated values of the linear attenuation coefficient. The linear
attenuation coefficients of the various corrosion products are, in most
cases, over an order ofmagnitude higher than that of water. Therefore,
according to Eq. (1), corrosion products (which are also more dense
than water, see Table 1) are more effective at attenuating x-rays than
water. Of the various corrosion products considered, Fe3O4 has the
highest linear attenuation coefficients followed by Fe2O3, Fe(OH)3, Fe
(OH)2, and FeCl2+. EDS and XRD measurements performed on the
mortar adjacent to the steel bar confirmed the presence of either
Fe2O3 or Fe3O4.

According to Eq. (8) [22], the change in concentration correspond-
ing to the attenuation of a single x-ray photon (concentration

resolution, RΔc) of the x-ray attenuation measurement is controlled
by the effective attenuation coefficient (for polychromatic x-ray
sources) and density of a substance, x moving within a porous
material:

RΔc = − ρx
μef ;x·t

·ln
Inon−1
Inon

� �
ð8Þ

where ρx is the density of a substance x, μ ef,x is the effective
attenuation coefficient of a substance x, and Inon is the transmitted
intensity from the initial, non-corroded specimen. Table 1 provides
the density, linear attenuation coefficients (and measured effective
attenuation coefficient of Fe2O3) at 80 keV, and the concentration
resolution for water and the various corrosion products considered.
Linear attenuation coefficients were used to calculate concentration
resolutions due to the good correlation between the linear and
effective attenuation coefficients of Fe2O3; however, effective atten-
uation coefficients should be measured and utilized when other
corrosion products are anticipated. For Fe2O3, both linear and effective

Fig. 4. X-ray attenuation spectra for water (H2O) and various thermodynamically
feasible corrosion products. The black stars indicate measured values of the effective
attenuation coefficient for corrosion products.

Fig. 3. Fundamental explanation of use of x-ray attenuation measurements: (a) Schematic description of Beer–Lambert law (Eq. 1) and (b) effect of change in concentration of
corrosion products on x-ray attenuation measurements as described by a composite of the initial specimen and a thickness of corrosion products representing reinforcement
corrosion.
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attenuation coefficients (at 80 keV) and the resulting concentration
resolutions are presented. For Inon, the average transmitted intensity
from the specimen in its original, non-corroded condition was used.
For the x-ray energy used (μx and Inon vary with x-ray energy), RΔc of
water was 0.599 mg/cm3, while RΔc enhanced to between 0.230 mg/
cm3 and 0.278 mg/cm3 for the various corrosion products. Based on
Eq. (8) and Table 1, concentration resolution is inherently improved
(over that of water) when monitoring reinforcement corrosion
products.

4.2. Image analysis of x-ray attenuation measurements

Fig. 5 in the electronic version of this paper (5-EV, see link in
Appendix A.) is compiled videos consisting of calculated x-ray images
of change in concentration of corrosion products (i.e., Eq. 7) between
3 and 147 hours of accelerated corrosion testing. Each image is
identified by a sequence number and the time passed after initiation
of accelerated corrosion testing in the bottom left corner in both
videos. In Fig. 5(a)-EV the first several frames of the video highlight
specimen details including the rebar, mortar and a size scale.
Throughout the video duration in Fig. 5(a)-EV additional details and
phenomena are pointed out and labeled as they appear, including
corrosion products (light gray to white in color), initiation and

propagation of cracks (dark gray to black in color), the probable filling
of an entrapped pore with corrosion products, and excessive
corrosion-induced deformations of the mortar. The video in Fig. 5
(b)-EV consists of the same images; however, with an increased frame
rate and without pauses. The higher frame rate more clearly shows
the excessive corrosion-induced deformations of the mortar. Defor-
mation of a part of the specimen induces measurement distortions as
the pixel dependent initial transmitted intensity, Inon no longer
accurately coincides with the transmitted intensity after corrosion,
Icorr. As seen most clearly after 127 hours (image 75) in both videos,
excessive deformations (and resulting measurement distortion) give
the appearance of corrosion products being deposited relatively far
from the rebar surface.

Fig. 5 in the printed version of this paper (5-PV), is calculated x-ray
images (i.e., Eq. 7) after (a) 14 and (b) 147 hours of accelerated
corrosion testing. The image highlights the location of corrosion
products (light gray to white in color) and cracks (dark gray to black
in color). Fig. 5(a)-PV clearly shows that an initial crack has formed
along with the location and amount of corrosion products required to
induce the crack. Fig. 5(b)-PV shows that substantially more corrosion
products have formed after 147 hours at the interface of the concrete
and steel, both increasing the size of the initial crack and inducing a
second crack. Additionally, as discussed above, excessive movement
of the mortar and the resulting measurement distortion are most
clearly visible in the top-right corner of Fig. 5(b)-PV.

Contour plots in Figs. 6 and 7 provide location-dependent informa-
tion on calculated concentrations of corrosion products (Eq. 7) at
various times during the accelerated corrosion testing. Fig. 6, which
shows the entire x-ray image area of the measured specimen, has
contours to highlight both the cracks and the concentration of corrosion
products, after (a) 14 hours, (b) 71 hours, and (c) 119 hours of
accelerated corrosion. The assumed type of corrosion product was
Fe2O3, with ameasured average (averaged from the varying thicknesses
of corrosion product measured) effective attenuation coefficient of
2.142 cm−1 at 80 keV, 5.24 g/cm3 density, and the specimen thickness
was 2.0 cm. The contour plots illustrate the concentration of corrosion
products in g/cm3, which is a summation of the amount of corrosion
products through the thickness of the specimen. Cracks result in
negative contour values as the number of transmitted x-ray photons

Table 1
Density (ρ), linear attenuation coefficients (μ, at 80 keV), and concentration resolution
(RΔc) for various substances.

Substance ρ μ RΔc

[g/cm3] [cm−1] [mg/cm3]

Water 1.00 0.184 0.599
Fe2O3 5.24 2.447 (2.142)b 0.235 (0.269)
Fe3O4 5.17 2.466 0.230
Fe(OH)2 3.40 1.484 0.252
Fe(OH)3 3.40 1.343 0.278
FeCl2+ 1.39a 0.574 0.266

a Density given for tetrahydrate, which is green in color [32].
b Values in parentheses aremeasured effective attenuation coefficient (μef, at 80 keV)

and corresponding resolution.

Fig. 5. (Printed version) Calculated image (i.e., Eq. 7) after (a) 14 and (b) 147 hours of accelerated corrosion testing. (Electronic version—video links in Appendix A.) Videos compiled
from calculated images between 3 and 147 hours of accelerated corrosion testing (a) with various events highlighted and (b) with a higher frame rate to better illustrate corrosion-
induced deformations of surrounding mortar.
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increases. Fig. 7 shows a zoomed portion of the original image and
excludes contours describing cracks. All contour plots are shown with
units of g/cc (i.e., gram per cubic centimeter, g/cm3).

Further detailed descriptions of Figs. 5 (for both the electronic and
print versions) and 6 are included in the following sections.

4.3. Corrosion-induced cracking and deformation behavior

The development of corrosion products, described in the following
section, resulted in the formation of two cracks within the measured
region and a third crack, which was observed outside of the area
recorded by x-ray. Fig. 5(a)-EV indicates that the first crack begins to
form below the steel after 13 hours (image 12) of accelerated
corrosion testing. The effect of the first crack can begin to be seen in
the contour plot shown in Fig. 6(a). Figs. 5-EV and 6(a),(b),(c) indicate
the width of the initial crack continuously increased during testing.

After 57 hours (image 40) a second crack developed in the upper
half of the mortar. The second crack initiated at or near the surface of
the steel and propagated outward toward the mortar's surface. The
second crack appears to be widest at the concrete–steel interface,
with decreasing width as it extends away from the steel. Quantifica-
tion of the crack width is not possible with the x-ray attenuation
measurement, as the effect of cracks is averaged through the 2.0 cm
thick specimen measured. During propagation of the second crack,
particularly from 97 hours (image 60) to the end of the test, excessive
deformation of themortar occurred. The deformation is clearly seen in
Fig. 5(b)-EV in the upper and side portion of the mortar. The mortar
deformation causes distortions in calculated corrosion product
concentration images (i.e., Eq. 7), which is seen most clearly in the
top portion of the mortar. Values for Inon are specific to a particular
pixel/location, and as the deformations occur the measured Icorr
values no longer match to the original corresponding Inon. The
influence of this distortion is clearly shown in Figs. 6(c) and 7(c),
through the apparent formation of corrosion products far from the
steel. These apparent formations are attributed to distortions and not
the actual formation of corrosion products. The deformation of the
side portion of the mortar appears to have caused separation between
the mortar and the steel, as indicated in image 75 (127 hours). As this
occurs, the corrosion products appear to either relocate or disappear.
Most likely the corrosion products remain in place, but the effect of
the crack controls the x-ray attenuation measurement results in such
a damaged specimen. This, along with measurement distortions

induced by excessive deformations, is a limitation of the presented
approach. Also, the x-ray attenuation data are an average through the
specimen thickness. Thus, if both corrosion products and a crack form
at the same location, the two behaviors are averaged through the
specimen thickness, potentially resulting in errant quantifications of
the amount of corrosion products or qualification of the cracking
behavior. However, before cracking occurs, calculated concentrations
of corrosion products remain accurate.

The first and secondary crack can be seen in their final states
(147 hours, image 85) in Fig. 5(b)-PV. Excessive deformation and
resulting distortion of the calculated image (Eq. 7) are also apparent in
Fig. 5(b)-PV.

The contour plots in Fig. 6(a),(b),(c) illustrate the effect of the
cracks. In Fig. 6(a) (14 hours, image 13) the initial crack has recently
formed and a line of negative contours is seen directly below the
rebar. Fig. 6(b) (71 hours, image 47) indicates the initial crack has
likely increased in size and connectedness, and a second crack has
initiated from the steel surface. Fig. 6(c) shows both cracks have
further increased in size and the impact of calculated image distortion
is clearly seen in the upper portion of the mortar.

4.4. Development and location of corrosion products

Fig. 5(a)-EV shows corrosion products were clearly detected at the
concrete–steel interface after 9 hours (image 8) of accelerated
corrosion testing. Initially, the corrosion products formed on the
side-facing surface of the steel; however, with additional time
corrosion products start to form on the bottom-facing surface. After
16 hours (image 15) corrosion products begin to protrude into an
entrapped void near the steel surface. Corrosion products penetrate
deeper into themortar as accelerated corrosion testing continued, and
after 33 hours (image 28) corrosion products are seen on the top-
facing surface of the steel. After 89 hours (image 56) additional
corrosion products appear to enter the entrapped pore; however,
after the second crack propagates nearly all corrosion products appear
to form near the top-facing surface of the steel. This observation is
quantified and verified by Figs. 7 and 8, as discussed in the following
paragraph. After 127 hours (image 75), excessive deformation of the
mortar above the steel occurs as corrosion products no longer appear
to protrude into themortar, but rather push themortar out of the way.

The zoomed contour plots in Fig. 7(a), (b), and (c) quantify and
summarize the information presented in Fig. 5(a)-EV. Fig. 7(a)

Fig. 6. Contour plots highlighting the effect of cracks on x-ray attenuation measurements and concentration of corrosion products after (a) 14 hours, (b) 71 hours, and (c) 119 hours
(note: the effect of cracks is a unitless factor described by the natural log portion of Eq. 7).
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indicates that concentration of corrosion product ranged up to a
maximum between 0.1 and 0.2 g/cm3 after 14 hours. The concentra-
tion of corrosion products and area where corrosion products exist
increased after 71 hours (Fig. 7(b)) and the filling of the entrapped
pore is clearly shown. Between 71 and 119 hours, Fig. 7(b) and (c),
respectively, a great deal of additional corrosion products formed near
the top-facing side of the rebar. Fig. 8 shows a contour plot of the
additional corrosion products formed between 71 and 119 hours.
Fig. 8 confirms that up to 1.5 g/cm3 of corrosion product formed near
the top-facing surface of the rebar, while during the same time a
maximum increase of only 0.2 g/cm3 occurred near the lower portion
of the rebar.

Through further image analysis, polar transformation of results
shown in Fig. 7(c) are presented in Fig. 9. Polar transformation allows
plotting of the circular surface of the rebar as a flat surface, fromwhich
corrosion products protrude. The concentration of corrosion products
was averaged over the radius up to 1.0 mm from the rebar surface as
presented in Fig. 10. Fig. 10 illustrates concentrations of corrosion
products both increase and penetrate deeper into the mortar
specimen with increased time. The polar transformation also
facilitates estimation of size of the CAR. In this case (where a very
high corrosion-inducing current was applied), as shown by the solid
circular symbol plot (13 hours) the CAR was between 0.09 and
0.18 mm. The accelerated nature of this initial test may have not
provided sufficient time for realistic penetration of corrosion products
into the surrounding mortar. With the presented experimental setup
a single pixel of the x-ray camera corresponds to a 0.89×0.89 mm2

area of the specimen. Previously reported values for the CAR vary
between 0.002 to 0.12 mm, indicating improved spatial resolution of
the x-ray images may be required.

Fig. 11(a) and (b) show an SEM image of the mortar near the
concrete–steel interface and an EDS mapping of iron, calcium, and
silicon in the same region, respectively. Fig. 11(b) indicates iron (i.e.,
corrosion products) indeed penetrated into the microstructure of the
cement paste, with particular areas of increased iron content.

The concentration of corrosion products at the end of testing
(147 hours, image 85) was integrated to estimate a total mass loss of
the rebar due to corrosion during the test. Values for mass loss were
also estimated by Faraday's law and measured through gravimetric
means (i.e. weighing). Table 2 shows the various means to measure
and estimated mass loss resulted in very good agreements. A 9%

difference was found between weight and x-ray measurement
methods. A higher discrepancy in mass loss (43%) between Faraday's
law estimation and x-ray method may be explained by the
assumption in Faraday's law of 100% current efficiency (meaning
that all current applied is used in the electrochemical reaction to
dissolve the iron). It should also bementioned that only one half of the
rebar was monitored during this testing (see Fig. 1(b)). To obtain the
total mass loss from x-ray attenuation measurements, symmetry (i.e.,
in terms of concentration of corrosion products) was assumed.

5. Discussion of results

X-ray attenuation measurements of corrosion products are more
effective (i.e., improved inherent concentration resolution) than the
more common monitoring of water movements in cementitious

Fig. 7. Zoomed contour plots highlighting only concentration of corrosion products after (a) 14 hours, (b) 71 hours and (c) 119 hours.

Fig. 8. Additional concentration of corrosion products between 71 hours and 119 hours
of accelerated corrosion testing (i.e., Fig. 6(c) minus Fig. 6(b)).
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materials. The x-ray attenuation measurement is non-destructive and
does not influence the accelerated corrosion testing method. Further,
the current applied to induce corrosion (i.e., accelerated corrosion
method) does not appear to interact with the x-ray photons
transmitted through the measurement specimen.

Corrosion-induced cracks were seen to form at or near the
concrete–steel interface and propagate outward to the specimen
surface (in agreement with previous model behaviors [6,13]). Further,
comparisons of the development of corrosion products and the
corrosion-induced cracking of the mortar specimen provided the
following insights. The development of additional corrosion products
appears to be linked to the degree of damage (i.e., cracking) at the
interface of the steel and surrounding mortar. Prior to extensive
cracking (i.e., before 71 hours, image 47) the corrosion products
appear to penetrate into the pores of the mortar. However, after more
extensive cracking the corrosion products appear to form between the
steel and mortar, simply moving the mortar rather than penetrating
into it. Additionally, as shown in Fig. 8, corrosion products appear to

favor forming at the damaged interface, as nearly all additional
corrosion products were seen to form in this region after 71 hours.

It is evident from the results that the x-ray attenuation method is
suitable to track the time-dependent development of the corrosion
products and subsequent initiation and propagation of cracks due to
the expansive nature of the corrosion products.While a relatively high
current was applied to induce corrosion to test the applicability of the
measurement technique, results clearly indicate that corrosion
products and corrosion-induced cracking under natural corrosion
conditions would similarly be detected (assuming location of
specimen, x-ray source, and camera is constant as discussed below).
Furthermore, the experimental method allows for the determination
of the actual concentration of the corrosion products averaged
through the specimen thickness. Measurement distortions due to
excessive deformations of the mortar occurred; however, future
measurements would likely stop well before similar distortions occur.
The most important information from the technique (i.e., amount and
location(s) of corrosion products necessary to induce cracking) is
collected well before excessive distortions are observed. Polar
transformation of the x-ray images provides the average amount of
corrosion products as a function of the radius (i.e., distance from rebar
surface) and time prior to initiation of cracking in the reinforced
mortar sample. In other words, the x-ray attenuation method can
directly measure the size of the CAR as both the corrosion and the
corrosion-induced cracking behaviors are monitored. Further para-
metric studies are needed; however the presented technique should
provide unique insight on the corrosion process (including amount
and location of corrosion products and time-to-cracking) under
laboratory conditions, improving understanding and modeling of
reinforcement corrosion and subsequent corrosion-induced concrete
cracking.

The presented method could be applied for in-situ measurement
of the extent of reinforcement corrosion and resulting damage;
however, many practical issues would need to be considered. As seen
in Fig. 5(b) and discussed previously, movement of the specimen
caused measurement distortions. Therefore, positions of the x-ray
source, camera, and measured area must be constant at differing
measurement times. With possible measurement intervals in the
range of a year or more, identical positioning may be difficult.
Furthermore, effects of other various transient behaviors in concrete
(e.g., moisture movements, possible leaching, etc.) on the x-ray
attenuation measurements would need to be isolated or corrected. A
similar, yet limited radiography technique (i.e., γ-ray imaging) has
been applied for in-situ determinations of rebar location and can even
estimate cross-section reductions of reinforcement due to corrosion
[35]. γ-Ray imaging, identically to medical/dental radiography,
detects the denser steel (analogous to bone, teeth) within the less
dense concrete (analogous to human soft tissues) in a single
measurement. However, radiography does not provide the necessary
information to calculate concentration changes (see Eq. 7) and
appears (based on results presented in Ref. [35]) unable to assess
the location of corrosion products and any corrosion-induced cracking
of the surrounding concrete.

6. Summary and conclusions

The applicability of x-ray attenuation measurements to monitor
the development of corrosion products as well as initiation and
propagation of cracks in cementitious materials was presented.
Results obtained from x-ray attenuation measurements and subse-
quent image analyses of reinforced mortar samples tested under
accelerated corrosion conditions indicate that:

1. The x-ray attenuation measurements do not affect accelerated
corrosion testing and the current applied to induce corrosion does
not appear to interact with x-ray photons.

Fig. 9. Polar transformation contour plots of corrosion product concentrations after
119 hours (i.e., Fig. 6(c)).

Fig. 10. Average concentration of corrosion products as a function of radius from the
rebar surface at varying times (5, 13, 18, 51, 105, and 147 hours).
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2. X-ray attenuation measurement allow non-destructive monitoring
of corrosion products and it has been found that:
• Similar to previous observations, corrosion products were seen
to form at or near the steel surface for the corrosion conditions
investigated.

• Corrosion products initially penetrate into the mortar.
• After excessive deformation due to corrosion-induced cracking
the corrosion products appear to form between the steel and
mortar, simply moving the mortar rather than penetrating into
it.

3. The concentration of corrosion products can be determined as a
function of time and space with the x-ray attenuation measure-
ments.

• The total mass loss of steel obtained by the x-ray attenuation
method correlates well with determination of the mass loss
by gravimetric means as well as Faraday's law.

4. Initiation and propagation of corrosion-induced cracking can be
monitored.

• Results of the x-ray attenuation measurements allow moni-
toring of crack initiation at or near the steel surface as well as
propagation of the crack outward toward themortar's surface.

Further detailed study is warranted into applying this method to
measure the impact cracks have on moisture ingress and the
subsequent reinforcement corrosion in a single test specimen (i.e.,
full service life). X-ray measurements provide a direct measure of the
moisture ingress and corrosion behaviors, including both the location
and amount of moisture and corrosion products.

Acknowledgements

The first author gratefully acknowledges the financial support of
Taumoses Legat as well as Femern Bælt A/S, Sund & Bælt Holding A/S
and The Danish Agency for Science, Technology and Innovation.

Financial contributions from the Danish Expert Centre for Infrastruc-
ture Constructions are also greatly appreciated. Furthermore, the
authors acknowledge the assistance of Adéla Peterová.

Appendix A. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.ydbio.2011.06.020.

References

[1] J. Gulikers, M. Raupach, Numerical models for the propagation period of
reinforcement corrosion—comparison of a case study calculated by different
researchers, Materials and Corrosion 57 (8) (2006) 618–627.

[2] O.B. Isgor, A.G. Razaqpur, Modelling steel corrosion in concrete structures,
Materials and Structures 39 (287) (2006) 259–270.

[3] A. Michel, M. Geiker, H. Stang, J. Olesen, Numerical modelling of reinforcement
corrosion in concrete structures, Proceedings of the 8th fib PhD Symposium, Kgs.
Lyngby, Denmark, 2010.

[4] C. Alonso, C. Andrade, J. Rodriguez, J.M. Diez, Factors controlling cracking of
concrete affected by reinforcement corrosion, Materials and Structures 31 (211)
(1998) 435–441.

[5] Z. Bažant, Physical model for steel corrosion in concrete sea structures—
application, Journal of the Structural Division 105 (1979) 1155–1166.

[6] F.J. Molina, C. Alonso, C. Andrade, Cover cracking as a function of rebar corrosion:
part 2—numerical model, Materials and Structures 26 (9) (1993) 532–548.

[7] L. Chernin, D.V. Val, K.Y. Volokh, Analytical modelling of concrete cover cracking
caused by corrosion of reinforcement, Materials and Structures 43 (4) (2010)
543–556.

[8] Y. Liu, R. Weyers, Modeling the time-to-corrosion cracking in chloride
contaminated reinforced concrete, ACI Materials Journal 95 (6) (1998) 675–681.

[9] T. El Maaddawy, K. Soudki, A model for prediction of time from corrosion
initiation to corrosion cracking, Cement and Concrete Composites 29 (3) (2007)
168–175.

[10] S. Caré, Q. Nguyen, V. L'Hostis, Y. Berthaud, Mechanical properties of the rust layer
induced by impressed current method in reinforced mortar, Cement and Concrete
Research 38 (8–9) (2008) 1079–1091.

[11] C.-Q. Li, Y. Yang, R.E. Melchers, Prediction of reinforcement corrosion in concrete
and its effects on concrete cracking and strength reduction, ACI Materials Journal
105 (1) (2008) 3–10.

[12] K. Noghabai, FE-modelling of cover splitting due to corrosion by use of inner
softening band, Materials and Structures 32 (221) (1999) 486.

[13] S.F.U. Ahmed, M. Maalej, H. Mihashi, Cover cracking of reinforced concrete beam
due to corrosion of steel, ACI Materials Journal 104 (2) (2007) 153–161.

[14] E. Bohner, H. Müller, S. Bröhl, Investigations on the mechanism of concrete cover
cracking due to reinforcement corrosion, FraMCos-7—7th International Confer-
ence on Fracture Mechanics of Concrete and Concrete Structures, Jeju, Korea,
2010.

[15] D.V. Val, L. Chernin, M.G. Stewart, Experimental and numerical investigation of
corrosion-induced cover cracking in reinforced concrete structures, Journal of
Structural Engineering 135 (2009) 376–385.

[16] I. Petre-Lazar, Aging assessment of concrete structures submitted to steel
corrosion, Ph.D. thesis, Laval University, Quebec, Canada, (in French) (2000).

Fig. 11. (a) SEM image of mortar surrounding steel rebar with rebar location noted, (b) EDS mapping of Fe (green), Ca (red), and Si (purple) in the same area.

Table 2
Comparison of mass loss obtained by different measurement techniques. Deviation
from x-ray determination shown.

Test method Mass loss Deviation

[g] [%]

Faraday's law 0.19 43
X-ray attenuation 0.11 –

Weighing 0.12 9

1093A. Michel et al. / Cement and Concrete Research 41 (2011) 1085–1094



Author's personal copy

[17] Y. Kawasaki, Y. Tomoda, M. Ohtsu, AE monitoring of corrosion process in cyclic
wet–dry test, Construction and Building Materials 24 (12) (2010) 2353–2357
special Issue on Fracture, Acoustic Emission and NDE in Concrete (KIFA-5).

[18] D. Aggelis, E. Kordatos, D. Soulioti, T. Matikas, Combined use of thermography and
ultrasound for the characterization of subsurface cracks in concrete, Construction
and Building Materials 24 (10) (2010) 1888–1897.

[19] P.H. Baker, D. Bailly, M. Campbell, G.H. Galbraith, R.C. McLean, N. Poffa, C.H.
Sanders, The application of x-ray absorption to building moisture transport
studies, Measurement 40 (9–10) (2007) 951–959.

[20] K. Hansen, S. Jensen, L. Gerward, K. Singh, Dual-energy x-ray absorptiometry for
the simultaneous determination of density and moisture content in porous
structural materials, Proceedings of the 5th Symposium on Building Physics in the
Nordic Countries, Vol. 1, Gothenburg, Sweden, 1999, pp. 281–288.

[21] J. Hu, P. Stroeven, X-ray absorption study of drying cement paste and mortar,
Cement and Concrete Research 33 (3) (2003) 397–403.

[22] S. Roels, J. Carmeliet, Analysis of moisture flow in porous materials using
microfocus x-ray radiography, International Journal of Heat and Mass Transfer 49
(25) (2006) 4762–4772.

[23] G. Sant, J. Weiss, Using x-ray absorption to assess moisture movement in cement-
based materials, Journal of ASTM International 6 (9) (2009) 1–15.

[24] DS/EN 197-1 Cement—part 1: composition, specification and conformity criteria
for common cements, 2001 29 pp.

[25] DS-2426, Concrete—materials—rules for application EN 206-1 in Denmark, Tech.
rep, Danish Standards Association, 2004.

[26] www.gni.dk GNI X-ray System, Technical University of Denmark, 2010.

[27] B. Pease, Influence of concrete cracking on ingress and reinforcement corrosion,
Ph.D. thesis, Technical University of Denmark, Kgs. Lyngby, Denmark (December
2010).

[28] B. Pease, J. Couch, M. Geiker, H. Stang, J. Weiss, Assessing the portion of the crack
length contributing to water sorption using x-ray absorption measurements on
concrete wedge splitting specimens, ConcreteLife'09: Second International RILEM
Workshop on Concrete Durability and Service Life Planning, Haifa, Israel, 2009.

[29] M. Pour-Ghaz, F. Rajabipour, J. Couch, J. Weiss, Numerical and experimental
assessment of unsaturated fluid transport in saw-cut (notched) concrete
elements, ACI SP 266—Modeling as a Solution to Concrete Problems, American
Concrete Institute, 2009, pp. 73–83.

[30] G. Knoll, Radiation Detection and Measurement, J. Wiley, 1989.
[31] R.A. Brooks, G.D. Chiro, Beam hardening in x-ray reconstructive tomography,

Physics in Medicine and Biology 21 (3) (1976) 390–398.
[32] P. Patnaik, Handbook of Inorganic Chemicals, McGraw-Hill, 2003.
[33] J. Hubbell, S. Seltzer, Tables of x-ray mass attenuation coefficients and mass

energy-absorption coefficients, Tech. Rep. NISTIR 5632, National Institute of
Standards and Technology, Maryland, USA, 2004.

[34] A. Küter, Management of reinforcement corrosion: A thermodynamical approach,
Ph.D. thesis, Technical University of Denmark, Kgs. Lyngby, Denmark (April 2009).

[35] M.A. Mariscotti, F. Jalinoos, T. Frigerio, M. Ruffolo, P. Thieberger, Gamma-ray
imaging for void and corrosion assessment—safety and utility of the technology
make it appropriate for field application, Concrete International 31 (11) (2009)
48–53.

1094 A. Michel et al. / Cement and Concrete Research 41 (2011) 1085–1094



 



Paper XI 
” Experimental Determination of the Penetration Depth of Cor-

rosion Products and Time to Corrosion-Induced Cracking in 
Reinforced Cement Based Materials” 

 
A. Michel, B.J. Pease, A. Peterová & M.R. Geiker 

Published in: Proceedings of ICDC (International Congress on Durability of Con-
crete), June 17-21, 2012, Trondheim, Norway 

and 

Article in press: Cement and Concrete Composites. 
  



 



 

 
 

 EXPERIMENTAL DETERMINATION OF THE PENETRATION DEPTH OF 
CORROSION PRODUCTS AND TIME TO CORROSION-INDUCED CRACKING IN 

REINFORCED CEMENT BASED MATERIALS 
 

Alexander Michel1, Brad J. Pease1, Adéla Peterová2, Mette R. Geiker1,3 
 
 

1 Technical University of Denmark, Kgs. Lyngby, Denmark 
2 Institute of Chemical Technology Prague, Prague, Czech Republic 

3 Norwegian University of Science and Technology, Trondheim, Norway 
 
 
ABSTRACT 
 
This paper introduces a non-destructive test method to monitor the development of corrosion 
products as well as the corrosion-induced formation and propagation of cracks in cementitious 
materials. A parametric experimental investigation (utilizing x-ray attenuation measurement 
technique) was conducted to describe the impact of water-to-cement ratio and corrosion current 
density (i.e., corrosion rate) on the reinforcement corrosion process. Focus was placed, in 
particular on the determination of the corrosion accommodating region (CAR) and time to 
corrosion-induced cracking. Experimental results showed that x-ray attenuation measurements 
allow determination of the actual concentrations of corrosion products averaged through the 
specimen thickness. The total mass loss of steel measured by x-ray attenuation was found to be 
in very good agreement with the calculated mass loss obtained by Faraday’s law. Furthermore, 
experimental results demonstrated that the depth of penetration of corrosion products as well as 
time to corrosion-induced cracking is varying for the different water-to-cement ratios and 
applied corrosion current densities.  
 
Key-words:  Corrosion, crack detection, non-destructive testing (NDT), reinforcement.  
 
 
INTRODUCTION 
 
The development of numerical tools to describe and predict initiation, e.g. [1, 2], and 
propagation, e.g. [3, 4], of reinforcement corrosion as well as subsequent corrosion-induced 
damages has gained momentum in the past decades. In particular, finite element method (FEM) 
[8-10], analytical [6, 7] as well as empirical approaches [5] to predict the deterioration in 
reinforced concrete structures subjected to corrosion have been developed in vast amounts.  
 
Although, good agreements with experimental data are presented for most of the developed 
approaches, two crucial factors have to be pointed out. First, the corrosion rates applied during 
experimental tests used for validation of the proposed models, e.g. [11, 12], exceed corrosion 
rates reported for actual structures by several orders of magnitude [13]. Second, more recent 



approaches introduced a factor, i.e. the “porous” or “diffusion” zone (these terms are omitted in 
this paper and replaced with the more accurate term, corrosion accommodation region (CAR)), 
which might be used to fit experimental data without direct observation or verification of the 
actual size. Recently, an experimental technique has been presented that allows for a direct 
determination of the CAR as well as the observation of formation and propagation of corrosion-
induced cracks in a non-destructive manner [14]. During this initial study to investigate the 
applicability of the experimental technique, a corrosion current density of 250 μA/cm2 was 
applied, which exceeds natural corrosion rates by several orders of magnitude. It is the authors’ 
opinion that the movement of corrosion products in cementitious materials depends among 
others on the corrosion current density. Hence, for a realistic determination of the CAR realistic 
corrosion current densities need to be applied. 
 
This paper focuses on the application of x-ray attenuation measurement to monitor the time-
dependent development of corrosion products and corrosion-induced cracks. Results of an 
experimental study are presented, on the influence of corrosion current density and water-to-
cement ratio (w/c) on the CAR as well as formation and propagation of corrosion-induced cracks 
in reinforced cementitious materials. Corrosion current densities used in the experimental study 
range from 10 μA/cm2 to 100 μA/cm2, in which 10 μA/cm2 has been reported as a realistic 
corrosion current density for actual structures subjected to corrosion [13]. The results presented, 
particularly data on the concentration and location of corrosion products within the investigated 
material, may be used to improve current approaches to model corrosion-induced cracking. 
 
 
EXPERIMENTAL APPROACH 
 
 
Materials and specimen preparation 
 
Aalborg Rapid® Portland cement (CEM I 52.5 N) was used for the preparation of all mixtures 
containing 50 Vol% fine aggregates (0-4 mm Class E sand). Specimens with varying w/c (0.3, 
0.4 and 0.5) were prepared for accelerated corrosion testing. Plasticizer (Sika Viscocrete-
2300HE) was added to the specimens with 0.3 (0.5 % by weight of cement) and 0.4 (0.3 % by 
weight of cement) w/c to maintain a similar workability as for specimens with a w/c of 0.5. No 
chlorides were added to the mix, as corrosion was induced by applying electrical current as 
described in the following section. As reinforcement a smooth steel rod with a diameter of 10 
mm was embedded in the centre of the 10 × 10 × 50 cm3 prisms. After casting the prisms were 
stored in the molds under a plastic sheet in laboratory conditions (i.e. 20 ± 2 °C) and then 
demolded. Upon demolding, the prisms were stored for additional 6 days under water at 20 ± 2 
°C. Finally, the 50 cm long prisms were cut in 2.3 cm lengths using a water-cooled concrete saw 
and a lead wire was attached to the reinforcement to allow for accelerated corrosion testing. 
 
 
Accelerated corrosion 
 
Nine specimens (3 different w/c and 3 different corrosion current densities) were connected to 
DC regulators to allow for accelerated corrosion testing at the same time. The experimental set 
up used is illustrated in Fig. 1 and an overview of the experimental program is given in Table 1. 
To impress an electrical current through the counter electrode (ruthenium/iridium mixed metal 
oxide activated titanium mesh) a commercial DC regulator was used. Electrical connection 
between the working (reinforcement) and counter electrodes was realized by placing the mortar 
specimen in tap water (no chlorides were added to the solution). Specimens of identical current 



densities were connected in series (see Fig. 1) to ensure the same corrosion current density was 
applied to all specimens of a test series.  
 

 
 

Figure 1 – Experimental set up for accelerated corrosion testing. 

Table 1 – Overview of investigated parameters. 
Test Series I II III 

Corrosion current density [μA/cm2] 100 50 10 
w/c 0.5 0.4 0.3 0.5 0.4 0.3 0.5 0.4 0.3 

 
 
X-ray attenuation measurement technique 
 
A GNI x-ray facility located at the Technical University of Denmark [15] was used to monitor 
the time-dependent development of corrosion products and subsequent formation and 
propagation of cracks in reinforced cementitious specimens. Fig. 2 illustrates the facility, 
consisting of a polychromatic x-ray source, a 252×256 pixel x-ray camera, and a programmable 
three-axis motion frame for moving the source and camera, which are housed in a shielded, 
environmentally controlled chamber. The x-ray source excitation settings used were a voltage of 
80 keV and a current of 75μA. The x-ray source was automatically ramped up to these settings 
over a 120 second “warm-up” period and the x-ray source was allowed to stabilize for 60 
seconds prior to recording images. A single measurement consisted of 60 x-ray camera images 
recorded with an integration time of 1 second each (i.e., 60 second integration time). The 
intensities measured by individual pixels from the 60 images were summed. So-called dark 
current images (i.e., x-ray camera images recorded while x-ray source is turned off), recorded 
prior to all x-ray measurements, were subtracted from the measured intensities. 

 

a) b) 
Figure 2 – a) X-ray measurement system consisting of b) the x-ray source and the x-ray camera. 
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Before any corrosion current was applied to the reinforcement, each specimen was measured 
three times (i.e., a total of 180 images) in its initial state. After commencing the accelerated 
corrosion testing, x-ray measurements were recorded every 4 hours for test series I, every 12 
hours for test series II, and every 24 hours for test series III until termination of the test. Testing 
was terminated when specimens showed extensive corrosion-induced damage. Additional 
information on the x-ray measurement procedure (i.e., dark current measurements, use of 
reference samples, etc.) is available in the literature [16-18]. 
 
 
Theoretical background of x-ray attenuation measurement technique 
 
Fig. 3a) shows the fundamental layout of an x-ray attenuation measurement, in which the x-ray 
source produces a polychromatic beam of x-ray photons (i.e., photons with varying energy 
levels). As the x-ray photons pass through the specimen a portion of the incident intensity is 
attenuated (i.e., absorbed and scattered) and the transmitted intensity is recorded by the x-ray 
camera. The attenuation behaviour of a polychromatic x-ray photon, accounting for the effects of 
beam hardening, is described by the Beer–Lambert law (Eq. 1) [19]: 
 

,  Eq. 1 
 
where Inon is the transmitted intensity of x-ray photons, I0 the incident intensity, µeff,m the 
effective attenuation coefficient of mortar and t the thickness of the specimen. More information 
on the effect of beam hardening on x-ray attenuation measurements and derivation of Eq. 1 can 
be found in e.g. [14]. 
 
The composite system illustrated in Fig. 3b) is typically used to describe conditional changes, 
i.e. change in concentration of moisture content or here corrosion products, by x-ray attenuation 
measurements [20, 21]. The composite system consists of a non-corroded, specimen in series 
with corrosion products. The transmitted intensity of the polychromatic x-ray source before 
reinforcement corrosion, described by Eq. 1, continues and interacts with the corrosion products. 
The corrosion products further reduce the transmitted intensity as described by Eq. 2: 
 

, , ,  Eq. 2 
 
where Icorr is the transmitted intensity after corrosion, μeff,cp the effective attenuation coefficient 
of the corrosion product and tcp the thickness of corrosion products. Furthermore, the change in 
concentration of corrosion products in the specimen (within the specimen volume or, assuming a 
constant cross-section within the specimen thickness) can be calculated as follows: 
 

∆
∆ ∆

 Eq. 3 

 
where ρcp is the density of the corrosion products, ΔVcp is the change in volume of corrosion 
products, V the specimen's volume and Δtcp the change in thickness of corrosion products. 
Combining Eq. (2) and (3) yields Eq. (4), which relates the transmitted intensity after corrosion, 
to the change in concentration of corrosion products: 
 

, ∆  Eq. 4 
 
Solving for change in concentration of corrosion products yields Eq. (5): 
 

∆
,

 Eq. 5 



 
Eq. 5 can be used to directly measure the concentration of corrosion products as a function of 
space and time, when Inon (transmitted intensity prior to corrosion) is measured initially and Icorr 
(transmitted intensity after corrosion) measured at various times after commencing the 
accelerated corrosion test.  

 
Figure 3 – Fundamental explanation of use of x-ray attenuation measurements: a) schematic 
description of Beer-Lambert law (Eq. 1) and b) effect of change in concentration of corrosion 
product [16] (where t is the thickness and μ the attenuation coefficient). 
 
 
EXPERIMENTAL RESULTS AND DISCUSSION 
 
 
Image analysis of x-ray attenuation measurement 
 
As an example, calculated x-ray images of change in concentration of corrosion products (see 
Eq. 5) are illustrated in Figure 4 for different times of accelerated corrosion. The images include 
details on the rebar (black), corrosion products (white), cracks (dark gray to black), and the wire 
used to induce corrosion. The wire, extending from the right of the rebar and continuing out of 
the measured area, is a source of ‘noise’ in the data. In Fig. 4a) the wire appears dark grey to 
black; however later in Figs. 4b) and c) the wire appears white. The white colour, which is 
indicative of corrosion products, is likely due to a small movement of the wire from its original 
location. When extracting the data presented below from calculated x-ray images, the wire-
affected region was ignored. 

 
a) b) c) 

 Figure 4 – Calculated x-ray images after a) 3.5 days, b) 6 days and c) 9 days, illustrating 
corrosion products (light gray to white) and crack (dark gray to black). Specimen with w/c 0.5 
subjected to 100 μA/cm2 corrosion current density. 



Development of corrosion products and corrosion-induced cracking 
 
Contour plots derived from calculated x-ray images presented in Fig. 4 can be used to provide 
location-dependent information on calculated concentrations of corrosion products (see Eq. 5) at 
various times during the accelerated corrosion testing. For all contour plots provided in the 
following, the assumed type of corrosion products was Fe2O3, which has been confirmed by 
scanning electron microscope (SEM) and x-ray diffraction (XRD) measurements during an 
initial study [14]. The concentration of corrosion products is given in g/cm3, which is a 
summation of the amount of corrosion products through the thickness of the specimen. Cracks 
result in negative contour values as the number of transmitted x-ray photons increases. 
 
Fig. 5 presents contour plots for test series I, i.e. specimens with w/c 0.5, 0.4 and 0.3, 
respectively, subjected to 100 μA/cm2 of corrosion current density. Corrosion-induced cracking 
was detected after 4 days (w/c 0.5), 5.8 days (w/c 0.4) and 9.5 days (w/c 0.3) of accelerated 
corrosion and is illustrated by a line of negative contours in the figures (please note that the 
results illustrated in Fig. 5a), b) and c) are for later measurement times for better visibility of 
cracks in the contour plots). Similar contour plots are given for specimens of test series II and III 
subjected to 50 μA/cm2 and 10 μA/cm2 corrosion current density in Fig. 6 and 7, respectively. 
Corrosion-induced cracking was detected after 11.5 days (w/c 0.5), 12 days (w/c 0.4) and 79 
days (w/c 0.3) for specimens of test series II subjected to 50 μA/cm2 corrosion current density. 
No corrosion-induced cracks were detected after 93 days of accelerated corrosion testing for 
specimens of test series III subjected to 10 μA/cm2 corrosion current density (see Fig. 5a-c). 
More information, in particular, on the amount and location of corrosion products for the various 
specimens tested under accelerated corrosion is given in the following. 
 
Through further image analysis, i.e. polar transformation, the circular surface of the rebar can be 
plotted as a flat surface from which corrosion products protrude, which facilitates estimation of 
the corrosion accommodating region (CAR). Exemplary, polar transformation of results for test 
series I, i.e. 100 μA/cm2 and w/c 0.5, 0.4 and 0.3, respectively, are given in Fig. 8. Furthermore, 
the amount of corrosion products was averaged over the radius up to 1.0 mm from the rebar 
surface for all test series. Results of the average concentration of corrosion products as a 
function of the radius from the rebar surface are given in Fig. 9, 10 and 11 for all specimens 
tested. Solid lines in the graphs indicate the average profile of corrosion products when 
formation of a crack was detected by the x-ray attenuation technique, while broken lines 
illustrate average corrosion product profiles at selected measurement times. 
 

 
a) b) c) 

Figure 5 - Contour plots highlighting the effect of cracks on x-ray attenuation measurements 
and concentration of corrosion products after a) 7.8 days (w/c 0.5), b) 9.5 days (w/c 0.4), and c) 
74 days (w/c 0.3) of accelerated corrosion (current applied 100 µA/cm2). (Note: the effect of 
cracks is a unitless factor described by the natural log portion of Eq. 5). 
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a) b) c) 

Figure 6 - Contour plots highlighting the effect of cracks on x-ray attenuation measurements 
and concentration of corrosion products after a) 74 days (w/c 0.5), b) 73 days (w/c 0.4), and c) 
89 days (w/c 0.3) of accelerated corrosion (current applied 50 µA/cm2). (Note: the effect of 
cracks is a unitless factor described by the natural log portion of Eq. 5). 
 

 
a) b) c) 

Figure 7 - Contour plots the concentration of corrosion products after a) 93 days (w/c 0.5), b) 
93 days (w/c 0.4), and c) 93 days (w/c 0.3) of accelerated corrosion (current applied 10 
µA/cm2), no cracks visible yet. 
 

a) b) c) 

Figure 8 – Polar transformation contour plots after a) 4 days (w/c 0.5), b) 5.8 days (w/c 0.4), 
and c) 9.5 days (w/c 0.3) of accelerated corrosion (current applied 100 µA/cm2). 
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Penetration depth of corrosion products 
 
In general, it can be seen from all graphs presented (Fig. 9 - 11) that the amount of corrosion 
products is increasing and further penetrating into the concrete as time progresses, independent 
of w/c and applied corrosion current density. However, the penetration depth of corrosion 
products is varying for the various w/c and applied corrosion current densities. Results presented 
in Fig. 9 - 11 indicate that with decreasing corrosion current density the depth of penetration of 
corrosion products is increased. Comparing for example the average corrosion product profiles 
at the time of crack initiation (corresponding to similar total amounts of corrosion products) in 
Fig. 9a) and Fig. 10a), it can be seen that the depth of penetration is increased from around 0.225 
mm to around 0.4 mm from the rebar surface. Furthermore, the results indicate that the depth of 
penetration is reduced as the w/c is reduced for the same corrosion current density. Comparing 
the average corrosion product profiles in Fig. 10a), b) and c) as well as Fig. 11a) and c) for 
similar measurement times, the effect appears most pronounced for test series II and III 
compared to test series I. For test series II, the penetration depth of corrosion products is reduced 
from around 0.45 mm (w/c 0.5) to 0.35 mm (w/c 0.4) and finally 0.11 mm (w/c 0.3) for x-ray 
measurements taken around 10 - 12 days. Similar observations can be made for specimens of test 
series III, where the penetration depth is reduced from around 0.225 mm (w/c 0.5) to 0.17 mm 
(w/c 0.3) after 93 days of accelerated corrosion testing. The increased depth of penetration in test 
series III Fig. 11b) is most likely due to the filling of interfacial defects, such as air voids (see 
Fig. 7b)). 
 
Comparing the results presented in Fig. 9 for test series I, it can be seen that the penetration 
depth is similar for all w/c (around 0.225 mm at crack initiation). However, profiles of the 
average corrosion products concentration are varying for the various specimens tested. For 
specimens with a w/c of 0.5 and 0.4 the maximum concentration of corrosion products can be 
found inside the concrete, while for specimens with a w/c of 0.3 the highest concentration of 
corrosion products is located at the concrete-steel interface. This indicates that for lower w/c less 
corrosion products can penetrate the concrete and rather accumulate at the concrete-steel 
interface. Similar trends can be seen for all test series tested, i.e. for the different corrosion 
current densities applied. 
 
In addition to the average corrosion product profiles, the amount of corrosion products was 
integrated to estimate the total amount of corrosion products. Results for each x-ray 
measurement taken are presented in Fig. 12 for a) w/c 0.5 and 100 μA/cm2, b) w/c 0.4 and 50 
μA/cm2 and c) w/c 0.3 and 10 μA/cm2. Values for the total amount of corrosion products are also 
estimated by Faraday’s law. A good agreement between the results obtained from the x-ray 
attenuation technique and Faraday’s law can be found for all w/c and corrosion current densities 
tested. No gravimetric measurements were performed. However, results presented in an initial 
study [14] show a very good correlation with gravimetric measurements, too. 
 
Values for the size of the CAR obtained at time to crack initiation from the present study, range 
from around 0.175 mm to 0.45 mm from the rebar surface. The obtained values are within the 
upper range of sizes (0.002 mm to 0.12 mm) reported in literature previously [7, 22], but exceed 
most values reported by several orders of magnitude. Differences obtained in values for the size 
of the CAR, compared to the present study might be caused by the application of very high 
corrosion current densities, as results of the present study indicate that the size of CAR is 
dependent on both, the w/c and applied corrosion current density. Furthermore, previously used 
experimental methods to physically measure the thickness of the CAR include cutting, sawing 
and impregnating samples [22]. These destructive methods are potentially invasive, causing 
possible movement or washing away of corrosion products and hindering reliable measurements. 
   



 
a) 

 
b) 

 
c) 

Figure 9 – Average concentration of corrosion products as a function of radius from the rebar 
surface at varying times for a) 0.5 w/c, b) 0.4 w/c and c) 0.3 w/c and 100 µA/cm2 corrosion 
current density. The solid line indicates the time when a crack was first observed (4.2, 6 and 9.5 
days). 
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a) 

 
b) 

 
c) 

Figure 10 – Average concentration of corrosion products as a function of radius from the rebar 
surface at varying times for a) 0.5 w/c, b) 0.4 w/c and c) 0.3 w/c and 50 µA/cm2 corrosion 
current density. The solid line indicates the time when a crack was first observed (11.5, 12 and 
79 days). 
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Figure 11 – Average concentration of corrosion products as a function of radius from the rebar 
surface at varying times for a) 0.5 w/c, b) 0.4 w/c and c) 0.3 w/c and 10 µA/cm2 corrosion 
current density. 
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Figure 12 – Comparison between the total amount of corrosion obtained from Faraday’s law 
and x-ray attenuation technique for a) 100 µA/cm2 and 0.5 w/c, b) 50 µA/cm2 and 0.4 w/c and c) 
10 µA/cm2 and 0.3 w/c. 
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PERSPECTIVES 
 
Results presented for the individual test series are summarized and presented in Fig. 13 and 14. 
Variations of the size of the CAR are presented in Fig. 13 for similar total amounts of corrosion 
(around 0.07 g, i.e. the total amount of corrosion as the first crack was detected in specimens of 
test series I). The summarized results in Fig. 13 support the assumption that the CAR is a 
function of the w/c and corrosion current density. Results indicate that the size of the CAR is 
increased as the w/c is increased and/or the corrosion current density decreased. 
 
An overview of the time to corrosion-induced cracking is given in Fig. 14, where the previously 
given results are summarized for all test series. No corrosion-induced cracks were detected after 
93 days of accelerated corrosion testing for specimens of test series III subjected to 10 μA/cm2 
corrosion current density. The results presented in Fig. 14 indicate that the time to crack 
formation is dependent of both the w/c and corrosion current density. It can be seen that the time 
to crack formation is increased as either the w/c and/or the corrosion current density is 
decreased. However, it has to be pointed out that exact determination of the time to corrosion-
induced cracking is difficult with the present experimental technique as the impact of the cracks 
on the x-ray attenuation is averaged through the thickness of the specimen. For a more accurate 
determination of the time to corrosion-induced cracking, the x-ray attenuation technique may be 
combined with acoustic emission or photogrammetric measurements. 

 
Figure 13 – Size of the CAR as a function of w/c and corrosion current density for a total 
amount of corrosion of around 0.072 g. 

 
 Figure 14 – Time to corrosion-induced crack formation as a function of w/c and corrosion 
current density for test series I and II. No cracks were detected for specimens of test series III.
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SUMMARY AND CONCLUSION 
 
An experimental method, i.e. the x-ray attenuation technique, was used that allows for a direct 
and non-destructive determination of the corrosion accommodating region (CAR), which is an 
important input parameter in numerical simulations of corrosion-induced concrete cracking. 
Within the present study, specimens with different water-to-cement (w/c) were subjected to 
various corrosion current densities and the size of the CAR was determined. From the results 
presented it can be concluded that: 

 The concentration of corrosion products can be determined as a function of time and 
space with the x-ray attenuation measurements. The total mass loss of steel obtained by 
the x-ray attenuation method correlates well with determination of the mass loss by 
Faraday's law. 

 The depth of penetration of corrosion products is varying for the different w/c and 
applied corrosion current densities. 

o Results presented show that with decreasing corrosion current density the depth 
of penetration of corrosion products is increased and 

o That the depth of penetration is reduced as the w/c is reduced for the same 
corrosion current density. 

o Differences obtained for the size of the CAR compared to previously reported 
values might be due to the application of very high corrosion current densities 
and invasive experimental methods to physically measure the size of the CAR. 

 The time of corrosion-induced crack formation is dependent on the w/c and corrosion 
current density.  

o Results presented show that the time to crack initiation is prolonged as the w/c is 
reduced and/or the corrosion current density decreased. 

o Values for the size of the CAR obtained from the present study range from 
around 0.11 mm to 0.45 mm at crack initiation depending on w/c and applied 
corrosion current density. No cracks were detected after 93 days of accelerated 
corrosion for specimens subjected to 10 μA/cm2. 

o Although, results of the x-ray attenuation measurements allow monitoring of 
crack initiation as well as propagation, 
 Determination of the time to crack initiation is difficult, due the fact that 

the effect of cracks on the x-ray measurements is averaged through the 
thickness of the specimen. 

 A combination of x-ray attenuation measurements with photogrammetric 
or acoustic emission measurements might allow for a more precise 
determination of the initiation of corrosion-induced cracks. 
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1 INTRODUCTION 

Deterioration models, developed to better under-
stand corrosion-induced cracking processes in rein-
forced concrete, have highlighted a key parameter in 
the cracking process – namely, the elastic properties 
of reinforcement corrosion products (Molina et al. 
1993, Solgaard et al., submitted). Citing a lack of 
experimental observations, Molina et al. (1993) as-
sumed water comprised the majority of corrosion 
products and therefore used water’s elastic proper-
ties (2 GPa elastic modulus, 0.5 Poisson’s ratio) to 
characterize the mechanical properties of corrosion 
products. Direct measurement of elastic properties of 
corrosion products is complicated by the materials’ 
stratified lamina nature. However, recently works at-
tempted to quantify properties of reinforcement cor-
rosion products.  

In (Ouglova et al., 2006) samples of corrosion 
products (γ-FeO(OH)) were manufactured in a syn-
thetic pore solution simulating a carbonated concrete 
with pH 9, dried, compacted to varying volume frac-
tions, and elastic properties were assessed using ul-
trasonic pulse velocity. Results indicate that the elas-
tic modulus depends on the compaction of corrosion 
products, with values ranging from <1 GPa to ap-
proximately 3.6 GPa with γ-FeO(OH) volume frac-
tions of approximately 0.4 to 0.65, respectively 
(Ouglova et al., 2006). Therefore, the properties of 
reinforcement corrosion products formed in-situ (in 
reinforced concrete) are likely affected by the degree 
of confinement provided by surrounding concrete.  

Elastic properties of corrosion products formed 
in-situ (via 100 µA/cm2 direct current) were estimat- 

 
 (a) (b) 
Figure 1. Calculated images from x-ray investigations, (a) 
highlights rebar, corrosion products, cracks, and wire (used to 
pass current), and (b) shows corrosion products penetrating in 
surrounding matrix without cracks observed. 

ed by comparing model predicted corrosion-induced 
deformation between the steel and surrounding ma-
trix to corresponding deformations measured by mi-
croscopic image correlation from a small area (1.3 
mm2) of the steel-concrete interface (Caré et al., 
2008). Estimates of elastic modulus of corrosion 
products ranged from approximately 0.04 to 0.25 
GPa with corresponding modeled corrosion thick-
nesses varying from 10 to 60 µm. The model pro-
posed in (Caré et al., 2008) assumed corrosion prod-
ucts form uniformly and exclusively at the 
concrete/steel interface, inducing deformations be-
tween the steel and concrete. However, results from 
x-ray attenuation investigations of the reinforcement 
corrosion process (Michel et al., 2011, submitted, 
Pease et al., submitted) indicate 1) corrosion prod-
ucts penetrate into the surrounding cementitious ma-
terial (mortar in this case) in a ‘corrosion accommo-
dating region’ (CAR), and 2) formation of corrosion 
products is non-uniform (Fig. 1). By not considering 
the CAR and possibly other factors, such as stress re-
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ABSTRACT: A combined experimental and numerical approach for estimating the elastic modulus of rein-
forcement corrosion products is presented. Deformations between steel and mortar were measured using digi-
tal image correlation during accelerated corrosion testing at 100 µA/cm2 (~1.16 mm/year). Measured defor-
mations were compared to a numerical corrosion model that considers electrochemical, transport, and 
mechanical processes, including penetration of corrosion products into a ‘corrosion-accommodating region,’ 
provided by the mortar’s capillary porosity, directly surrounding the steel. Comparing model and experimen-
tal results provides an order-of-magnitude approximation of corrosion product stiffness of 2.0 GPa. 



laxation due to concrete creep, etc., elastic modulus 
estimates in (Caré et al., 2008) are likely underesti-
mated.  

The aim of the investigation presented in this pa-
per was, similarly to the approach in (Caré et al., 
2008), to compare model predicted and measured 
corrosion-induced deformations between corroding 
steel rebar and the surrounding matrix (mortar here) 
to estimate elastic properties of corrosion products. 
The model however includes the impact of the CAR 
and creep of the surrounding matrix, and measure-
ments from image correlation consider the entire 
steel-mortar interface. 

2 EXPERIMENTAL APPROACH 

2.1 Mixture proportions and specimen preparation 

Experiments were conducted on reinforced mortar 
specimen with 0.50 w/c using Aalborg Rapid® port-
land cement (Type 52.5N cement (DS/EN 197-1, 
2001)). The mixture contained 375 kg/m3 cement 
and 50% by volume fine aggregates (0–4 mm Class 
E sand in accordance with (DS-2426, 2004)). No 
chlorides were added to the mix, as corrosion was 
induced by applying electrical current as described 
below. A smooth 10 mm steel dowel rod was em-
bedded in the centre of 10×10×50 cm3 prism as illu-
strated in Figure 2. The mortar was mixed using a 
standard mortar mixer and mixing procedures 
(ASTM Standard C305 2011), placed in a form and 
consolidated by rodding and vibrating. 

After casting, the mortar prism was stored in 
moulds for 24 hours under a plastic sheet at 20±2°C, 
and then demoulded. Upon demoulding, the speci-
men was stored under water for 6 additional days at 
20 ±2°C. The 50 cm long prism was cut perpendicu-
lar to the embedded steel bar in 2.3 cm lengths using 
a water-cooled concrete saw, resulting in 10×10×2.3 
cm3 samples. A lead wire was soldered to the rein-
forcement on one side of the specimen to allow for 
accelerated corrosion, while the opposite side had a 
stochastic black and white speckle pattern applied 
using spray paint for digital image correlation (DIC) 
described below. A DC regulator was used to im-
press electrical current through a ruthenium/iridium 
mixed metal oxide activated titanium mesh counter 
electrode. Tap water (no chlorides added) provided 
an electrical connection between the working (steel 
bar) and counter electrode by partially submerging 
specimen in acrylic pond. The water level was main-
tained at approximately 1 cm below the steel bar for 
the entire test duration by a water-filled inverted vo-
lumetric flask (Fig. 2). A current density of 100 
μA/cm2, or corrosion rate of approximately 1.16 
mm/year according to Faraday’s law (assuming for-
mation of Fe2+), was applied and testing continued 
until cracking was detected by DIC.  

 
Figure 2. Experimental setup for accelerated corrosion by im-
pressed current, ‘measured region’ indicating area captured in 
digital images.  

2.2 Digital image correlation (DIC) technique 

During accelerated corrosion testing, digital images 
were repeatedly captured at 10 minute intervals us-
ing a Nikon D3X 24.5 megapixel (6048×4032 pixel) 
camera body with a 60 mm focal length macro lens 
(AF-S Micro Nikkor 60mm f/2.8G ED). Prior to in-
itiation of accelerated corrosion testing, 3 images 
were captured of the specimen surface, with a fourth 
image including a scale. The lens was placed 60 mm  
from the specimen surface, resulting in images with 
dimensions of approximately 31×41 mm2, with each 
pixel representing 7.8×7.8 µm2 of physical space. 
An LED ring flash was affixed directly to the lens to 
evenly light the specimen’s surface. The f-stop was 
set manually at f/29 to maximize depth of field and 
exposure time was set such that the exposure value 
(EV) was zero (as to not over- or underexpose im-
ages).  

Captured images were input into a commercially-
available software package (GOM, 2009), which uti-
lizes the stochastic speckle pattern to identify unique 
regions, called facets, on the specimen surface at 
each measurement time. Facet size was set to 15×15 
pixels (116×116 µm2). The software tracks the 
movements of the facets and utilizes standard DIC 
techniques to compute deformations of the specimen 
surface. Additional information on the hardware 
used and the DIC technique is available in Pereira et 
al. (2011) and Pease et al. (2006), respectively. 

A trial test, to assess DIC measurement accuracy, 
was conducted by placing two mortar prisms side-
by-side with flat faces touching each other.  Prisms 
were fixed to a micrometer setup with 1 µm grada-
tions with one prism stationary and the second mov-
ing with controlled distances. Two 2.5 mm extensi-
ometers were used to provide comparative 
displacement measurements between the fixed and 
moving mortar prisms. The moving prism was trans-
lated by the micrometer setup to varying locations. 
At each location 3 digital images and 20 extensi-
ometer measurements were recorded.  

+‐
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3 EXPERIMENTAL RESULTS 

Figure 3 compares deformations measured, from the 
trial test setup, by DIC and extensiometers. The pho-
to insert shows the two mortar prisms with rubber 
bands used to fix the extensiometers, and ten red line 
segments that indicate DIC measurement locations. 
DIC measurements were averaged from 10 locations 
and, as shown in Figure 3, correlate well with exten-
siometer measurements. The circular symbols (Fig. 
3) show the absolute difference in measurements at 
given extensiometer measured deformations. A max-
imum difference of 0.29 microns (µm) was found. 
Agreement between the measurement techniques 
remained consistent regardless of deformations, up 
to 26.2 µm. 

Figure 4 provides DIC measured corrosion-
induced deformations between the steel and mortar 
at the various ‘clock’ positions indicated in the pho-
to insert. Please note the 2, 6, 7, 9, and 11 o’clock 
position measurements are excluded in Figure 4, 
however minimum and maximum measured defor-
mations are provided (i.e., excluded measurements 
fall within the extents of the plotted data). Corro-
sion-induced deformations are clearly non-uniform 
at the various measurement locations around the 
steel circumference. Deformations at the 3 o’clock 
position slowly increases to approximately 3 µm af-
ter 5 days, when the deformation rate increases. A 
maximum deformation of 15 µm was measured 
when the test was terminated at 9.2 days (testing 
stopped due to formation of cracks shown in Fig. 5 
and discussed below). Increases in slope are ob-
served at approximately the same time at other loca-
tions, including 2, 4, and 5 o’clock positions. How-
ever, the deformation magnitudes vary at these 
locations. Further, negative deformations are meas-
ured between the 6-12 o’clock positions to a mini-  

 
Figure 3. Comparison of extensiometer and DIC measured de-
formations in trial test setup, diamonds indicate measurements 
comparison, open circles shows measurement differences. Im-
age shows trial setup with location of DIC measurements indi-
cated, rubber bands used to hold extensiometers. 

 
Figure 4. Deformations measured using DIC between steel and 
mortar at varying locations identified in the inset image. 

mum of approximately -9.5 µm. Minimum and max-
imum deformations occurred at the 12 and 3 o’clock 
positions, respectively. This, coupled with results 
from x-ray investigations discussed in the introduc-
tion (Fig. 1), clearly indicates corrosion products 
formed in a locally varying and non-uniform manner 
during accelerated corrosion testing. 

Figure 5 shows the width of microcracks that 
were observed by the DIC measurements. Micro-
crack locations are provided in the photo insert and 
the numbering coincides with the order of observa-
tion. The ‘dummy’ crack provides measured defor-
mations from a crack-free location, which yields an 
average ‘width’ of -0.004 ± 0.55 µm over the test 
duration. Crack 1 and 2 form nearly simultaneously 
after approximately 1.5 days, and increase to a max-
imum width of approximately 2 µm between 3 and 4 
days. Crack 1 recovers slightly to a width of approx-
imately 1 µm before increasing in width at 5.25 
days, whereas Crack 2 continually reduces in crack  

 
Figure 5. Crack widths measured using DIC at locations indi-
cated in the inset image, ‘dummy’ crack indicates deformations 
measured from a location without a crack. 
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width. Crack 1 and 2 remained minimal in length 
near the steel surface, and did not propagate into the 
mortar. Crack 3 formed at 7.5 days and crack width 
rapidly increased to approximately 6 µm at 9.2 days. 
Testing was stopped due to the formation of Crack 
3, which began to propagate from the steel towards 
the specimen surface (i.e., damage began to local-
ize). Crack 1 and 2 appeared to be local, isolated mi-
crocracks, potentially providing connections be-
tween previously isolated pores. 

4 CORROSION-INDUCED CRACKING 
MODELLING APPROACH 

A combined electrochemical, transport, and me-
chanical modelling approach, developed in Michel et 
al. (2010), provides the basis for simulations of the 
formation of corrosion-induced deformation and 
cracking presented here. The original model (Michel 
et al., 2010, Solgaard et al., submitted) is based on 
the finite element method (FEM), and assumes: 
 Uniform corrosion along the length and around 

the circumference of the steel, leading to a 2D 
plain strain formulation, 

 Corrosion products form exclusively in the steel-
cementitious matrix interface,  

 The modelled system consists of four distinct re-
gions, the cementitious matrix, the steel, a corro-
sion layer, and a predefined crack path. 

The mechanical model considers cracking of the 
cementitious matrix along the predefined crack path 
and delamination at the steel-matrix interface, the 
former being modelled according to mode-I fracture 
and the latter being modelled according to mixed-
mode (combined mode I and II) fracture. To account 
for expansion of the corrosion products, the model 
uses a thermal analogy by applying an equivalent 
thermal load to the corrosion layer (Molina et al., 
1993). All model dimensions were equivalent to 
specimen dimensions discussed above and illustrated 
in Figure 2.  

Additional details on the original model can be 
found in the literature (Michel et al., 2010, Solgaard 
et al., submitted), while detailed descriptions of 
modifications made to the original model to 1) con-
sider penetration of corrosion products into the ce-
mentitious matrix and 2) creep of the cementitious 
matrix follow.  

4.1 Implementing penetration of corrosion products 

Faraday’s law is used to determine the time-
dependent steel radius reduction, X(t) [mm] due to a 
constant corrosion current density icorr [A/mm2]: 

  t
Fz

iM
tX corr 







 (1) 

where M = molar mass of Fe [g/mol], z = anodic re-
action valence [-], F = Faraday’s constant [96,485 
A·s/mol], ρ = density of the metal [g/mm3], and Δt = 
duration of current application [s]. Using Equation 1, 
the expanded volume of corrosion products, Vcp 
[mm3] is determined by: 

   22 tXrrlVV Avolscvolcp    (2) 

where ηvol = unitless volumetric expansion coeffi-
cient of corrosion products and Vsc = volume of con-
sumed steel [mm3], which dependent on the radius 
reduction of steel, X(t), the original steel radius, r 
[mm] and the length of the anode, lA [mm]. Previous 
work using an identical experimental setup found 
that Fe2O3 was the likely corrosion product formed 
(Michel et al., 2011), which has a theoretical ηvol-
value of 2.1.  

As discussed in the introduction section (Fig. 1), 
corrosion products penetrate into the CAR of the 
cementitious matrix. Figure 6 provides a schematic 
of the idealized filling process of the CAR, which is 
assumed to consist of the cementitious matrix’s cap-
illary porosity,  as approximated by Power’s law 
(Powers & Brownyard, 1947): 

32.0/

36.0/





cw

cw   (3) 

where the degree of hydration, α, for 0.50 w/c Aal-
borg Rapid® portland cement paste under similar 
curing conditions (7 days at 20° C) was measured as 
0.65 (Forsberg & Rasmussen 2011). The size of the 
CAR controls the considered volume of cementitious 
matrix, Vcm, as: 

  22 rCARrlV Acm    (4) 

and by introducing porosity,  the volume of the 
CAR, VCAR [mm3] is computed as: 

cmCAR VV    (5) 

As illustrated in Figure 6, the CAR size is assumed 
to increase with additional time (and volume of cor-
rosion products) due to the formation of microcracks 
connecting additional capillary pores further from 
the steel surface. Equation 6 describes the increase 
in the initial CAR size prior to microcracking, CAR0 

[mm] to the maximum CAR, CARMAX [mm] as: 

   00 CARCARCARCAR MAX  (6) 

where  describes the change in connectivity of cap-
illary pores inside the CAR and varies between 0 and 
1, according to Equation 7: 
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Figure 6. Conceptual schematic of idealized filling process of 
capillary porosity with corrosion products: (a) shows the initial 
CAR, CAR0, (b) the subsequent increase in CAR size to a 
maximum, CARMAX and filling of additional pores due to (c) 
formation of microcracks between pores allowing movement of 
corrosion products. 

where t is the time in days and tc indicates the time 
when the CAR reaches a maximum, CARMAX. As 
shown in Figure 7, values for  increase after 1.5 
days, based on Figure 5 that indicates the first mi-
crocracks form at approximately 1.5 days. The final 
pores are considered to connect to the CAR after 5 
days (i.e., tc = 5 days), which corresponds to the in-
creased rate of deformations between the steel and 
mortar as shown in Figure 4. Values for CAR0 and 
CARMAX were set at 0.14 and 0.28 mm, respectively, 
based upon x-ray studies on a companion specimen 
(i.e., 0.50 w/c, 100 µm/cm2 corrosion rate, identical 
curing, etc.) that showed corrosion products gradu-
ally penetrated into the mortar to approximately 0.17 
mm after 0.7 days of accelerated corrosion and 0.28 
mm at the time of cracking (Michel et al., submitted, 
Pease et al., submitted). Mortar used for experiments 
contained 50% by volume fine aggregate; however, 
due to edge effects and the relatively small size of 
the CAR, effects of the aggregate on VCAR are as-
sumed negligible. 

As the model uses a 2D plain strain formulation, a 
linear expansion coefficient, ηlin is required to de-
scribe the expansion of the corrosion layer, ΔR as: 

T
tX

R
fictlin 


 

)(
 (8) 

where the second term describes the thermal ana-
logue used to account for the expansion of corrosion 
products with αfict = fictitious thermal expansion co-
efficient [K-1] and ΔT = equivalent temperature in-
crement [K]. Isotropic expansion of corrosion prod-
ucts is assumed (i.e., ηlin = ηvol/3 = 0.70). Introducing 
an adjusted equivalent temperature increment, ΔTCAR 

in Equation 8 provides one method to account for 
the CAR as shown in Equation 9: 

TT CARCAR    (9) 

where λCAR describes the partial penetration of corro-
sion products into VCAR as:  
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where n describes the shape of the λCAR curve as 
shown in Figure 7. A value for n of 1.3 was found to 
provide the best fit to experimental data. Equations 9 
and 10 reduce the expansion of the corrosion layer 
until Vcp (Eq. 2) exceeds VCAR (Eq. 5), and the corro-
sion accommodating pore volume is considered full. 
The portion of corrosion products that penetrate the 
cementitious matrix are considered by the model to 
not induce stress. Relationships describing the in-
crease in CAR size (Eq. 6) and the partial penetration 
of corrosion products (Eq. 10) are first order ap-
proximation and should be investigated further. 

 
Figure 7. Time-dependent values for κ (Eq. 6) and adjusted 
temperature increment, ΔTCAR (Eq. 9) that consider partial 
penetration of corrosion products into the cementitious matrix 
for various n-values (Eq. 10).  

4.2 Implementation of Creep 

Creep, which is affected by various parameters such 
as the ambient environmental conditions and dura-
tion of loading, relaxes a portion of the corrosion-
induced stresses in the cementitious matrix. Stress 
relaxation is considered by an effective elastic 
modulus of the cementitious matrix at each time step 
as described in (e.g., Eurocode 2, 2003): 
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where Ec,eff and Ec are the effective and secant elastic 
modulus [MPa], respectively, φ(t,t0) is the creep co-
efficient, which is a function of t and t0, the age of 
cementitious matrix and time at loading [days].  

5 COMPARISON OF MODEL, EXPERIMENTAL 
RESULTS 

Figure 9 illustrates modeled corrosion-induced de-
formation between the steel and cementitious matrix 
at various locations around the steel surface. Loca-
tions are described by polar angle coordinates, 
where 0° marks the locations where the predefined 
crack path intersects the steel-matrix interface. After 
crack formation, modeled deformations adjacent to 
the crack (i.e., near 0°) increased in comparison to 
other locations due to local delamination of the ele-
ments. Increased local deformations near the crack 
are most clearly seen after 7.0 and 9.2 days in Figure 
9. Nevertheless, the model, which assumes a uni-
form deposition of corrosion products in the corro-
sion layer, predicts uniform deformations between 
the steel and cementitious matrix. However, experi-
mental observations indicate non-uniform deforma-
tions. A comparison of modeled and measured de-
formations is provided in Figure 9 at 3.0 days. The 
model predicted deformation between the steel and 
cementitious matrix was 1.8 µm, while DIC mea-
surements vary from -2.5 µm at 0° (12 o’clock in 
Fig. 4) to +2.4 µm at 90° (3 o’clock). Figure 9 indi-
cates non-uniformity of the accelerated corrosion 
process should be considered in future models. 

While the current model assumes a uniform depo- 

 
Figure 9. Modeled corrosion-induced deformations between 
steel and cementitious matrix for Ecp = 2.0 GPa at varying loca-
tions of the steel surface expressed as polar coordinates. For 
DIC measurements – clockwise from 12 to 6 o’clock corres-
ponds to 0 to +180°, counterclockwise from 12 to 6 o’clock 
corresponds to 0 to -180°. 

 
Figure 10. Averaged modeled corrosion-induced deformations 
between steel and cementitious matrix for varying Ecp with 
comparison to averaged DIC measured deformation from 3 and 
4 o’clock positions (Fig. 4). 

sition of corrosion products and therefore cannot ac-
curately model all corrosion-induced deformations, 
Figure 10 illustrates the model can accurately de-
scribe certain locations and appears to capture im-
portant processes of the corrosion-induced deforma-
tion process. Figure 10 compares averaged (between 
±180°, Fig. 9) modeled time-dependent deforma-
tions between the steel and cementitious matrix for 
varying elastic modulus of corrosion products, Ecp to 
the average of DIC measurements taken from the 3 
and 4 o’clock positions. Regardless of Ecp-values, 
modeled corrosion-induced deformations begin at 
approximately 1 day and increase more rapidly with  

 
Figure 11. Modeled corrosion-induced crack width profiles for 
Ecp = 2.0 GPa at varying times, with broken line at 1.4 mm 
from the steel surface indicates location of crack widths plotted 
in Figure 12. 
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Figure 12. Modeled corrosion-induced crack widths 1.4 mm 
from steel surface for varying Ecp with comparison to maxi-
mum extent of DIC measured crack widths (i.e., Crack 1 and 3 
from Fig. 5). 

increased Ecp. Modeled deformations initially in-
crease slower than experimental measurements 
which increase from approximately 0 µm at 0.5 days 
to 2.0 µm at 3 days. The differing behaviors at these 
earlier times may be caused by the modeled expan-
sion of the CAR size (Eq. 6) and/or the portion of 
corrosion products deposited in the corrosion layer 
(Eq. 10) and indicates further investigations are re-
quired to ascertain and more accurately describe the 
controlling mechanisms. Similar to experimental da-
ta, modeled deformations increased more rapidly af-
ter approximately 5 days. An order-of-magnitude in-
vestigation of Ecp-values indicates 2.0 GPa provides 
the best fit to experimental results (Fig. 10), while a 
value of 0.2 GPa (similar in scale to estimates of Ecp 
in Caré et al. (2008)) significantly underestimates 
corrosion-induced deformations after 6 days of acce-
lerated corrosion. Figure 10 shows increasing Ecp 
from 2.0 to 20.0 GPa causes only minor changes in 
the resulting deformations, compared to deformation 
changes caused by Ecp changes from 0.2 to 2.0 GPa 
and 20.0 to 200.0 GPa. 

Figure 11 illustrates model predicted corrosion-
induced crack width profiles along the predefined 
crack path after various times. A numerically signif-
icant crack width (> 0.001 µm) was first observed 
for Ecp of 2.0 GPa after 3 days at approximately 0.5 
mm from the steel surface. As Figure 11 shows, 
cracks initiate and maximum crack width remain 
near the steel surface (while the crack does not reach 
the surface of the cementitious matrix (Solgaard et 
al., submitted)) and additional time is required to 
propagate the crack tip to the specimen surface.  

Figure 12 compares modeled crack width with the 
maximum extent of measured crack widths. The 
model predicted crack widths were taken 1.4 mm 

from the steel surface, as indicated by the broken 
line in Figure 11, to correspond to the approximate 
locations of DIC crack width measurements shown 
in Figure 5. As described in the previous section a 
single crack is modeled and therefore microcracking 
behavior (e.g., crack 1 in Fig. 12) is neither consi-
dered nor accurately estimated by the model. How-
ever, the rapid crack growth measured for crack 3 
corresponds well to model predicted crack widths 
for Ecp of 2.0 and 20.0 GPa. The width of crack 3 in-
creased from 2.9 µm at 8 days to 6.2 µm at 9.2 days 
when the test was terminated, while the modeled 
crack width measured at 2.9 µm after 8 days and 5.0 
µm after 9.2 days for Ecp of 2.0 GPa. Similar to the 
modeled deformations between steel and cementi-
tious matrix (Fig. 10), varying Ecp-values from 0.2 to 
2.0 GPa and 20.0 to 200.0 GPa had a major impact 
on model predicted crack width behavior, compared 
to a relatively minor impact of Ecp-values from 2.0 
to 20.0 GPa. 

6 SUMMARY AND CONCLUSIONS 

This paper, which presents a comparison of corro-
sion-induced deformations measured by digital im-
age correlation (DIC) and modeled by a corrosion-
induced cracking model, has concluded: 
 DIC measured deformations, from a 31×41 mm2 

surface area using a 24.5 megapixel (6048×4032 
pixels) images, correlate well with extenisometer 
measured deformations. A maximum difference 
in measurement techniques of 0.29 µm was ob-
served for deformations from 0 to 26.2 µm.  

 DIC measured deformations between steel and 
mortar indicated corrosion-induced deformations 
are non-uniform around the steel surface with 
deformation ranging from approximately -9.5 to 
+15 µm after 9.2 days of accelerated corrosion at 
a current density of 100 µA/cm2 (or corrosion 
rate of approximately 1.16 mm/year). Corrosion-
induced cracking, detected by DIC measure-
ments, consisted initially of multiple microcracks 
that formed after approximately 1.5 days of acce-
lerated corrosion. After 7.5 days a larger, con-
trolling crack formed, rapidly increased in width, 
and propagated towards the surface of the ce-
mentitious matrix. The microcracks remained 
short in length, did not propagate toward the 
specimen surface, and potentially provided con-
nections between previously isolated capillary 
pores space in the cementitious matrix.  

 Based on experimental results, a corrosion-
induced cracking model was modified to account 
for the partial penetration of corrosion products 
into the cementitious matrix surrounding the cor-
roding steel. Corrosion products were considered 
to form simultaneously in a corrosion layer at the 
interface of the steel and the cementitious matrix 
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and in a corrosion-accommodating region (CAR) 
of the cementitious matrix. The CAR is consi-
dered to consist of the capillary pores space and 
to increase in size due to microcracks connecting 
additional pore space further from the steel sur-
face. 

 Comparisons of modeled and experimental data 
indicated a common assumption of uniform de-
position of corrosion products around the steel 
surface is inaccurate. Additionally, values for the 
elastic modulus of corrosion products between 
2.0 and 20.0 GPa provided most accurate fits to 
experimental results; however, further experi-
ments and improvements to the model (e.g., con-
sideration of non-uniform corrosion process) are 
needed. 
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Abstract Service life design (SLD) is an important

tool for civil engineers to ensure that the structural

integrity and functionality of the structure is not

compromised within a given time frame, i.e. the

service life. In SLD of reinforced concrete structures,

reinforcement corrosion is of major concern and

reinforcement de-passivation is a frequently used

limit state. The present paper investigates an alterna-

tive limit state: corrosion-induced cover cracking.

Results from numerical simulations of concrete cover

cracking due to reinforcement corrosion are presented.

The potential additional service life is calculated using

literature data on corrosion rate and Faraday’s law.

The parameters varied comprise reinforcement diam-

eter, concrete cover thickness and concrete material

properties, viz. concrete tensile strength and ductility

(plain concrete and fibre reinforced concrete). Results

obtained from the numerical simulations reveal that,

depending on the serviceability limit state applied, the

service life of a reinforced concrete structure can be

increased significantly by allowing minor damage of

the cover.

Keywords Service life design �
Cracking of concrete cover � Numerical simulations �
Fibre reinforced concrete

1 Introduction

Over the last decades service life design (SLD) has

become an important tool within civil engineering for

design of durable reinforced concrete structures. The

concept of SLD is used to assure that, within a given

time frame during which the structure is routinely

maintained, i.e. the service life, little or no repair is

required to maintain the purpose and integrity of the

structure. A typically used requirement for reinforced

concrete structures at risk of reinforcement corrosion,

is that no corrosion of embedded reinforcement takes

place within the service life of the structure [10, 11].

To fulfil such a requirement, existing guidelines for

SLD e.g. [10, 11] establish that the end of service life

has been reached when the passive layer of embedded

reinforcement has been broken down. In other words

de-passivation of the reinforcing steel is typically used

as a serviceability limit state. In e.g. [11] other limit

states associated with reinforcement corrosion are also

considered, however, associated models for analyses
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are not described as opposed to models associated with

the de-passivation limit state. One of the concepts

founding the basis of SLD for reinforced concrete

structures is Tuutti’s model of reinforcement corrosion

[29], establishing that reinforcement corrosion is

divided into two phases, viz. the initiation phase and

the propagation phase. The propagation phase was

further characterized in terms of various types of

cracking damage in [11], including ‘formation of

cracks’ and ‘spalling of the concrete cover’.

During the initiation phase substances like Cl- and

CO2 may ingress through the concrete cover leading to

de-passivation of the reinforcing steel (at the end of

initiation phase). During the propagation phase the

actual corrosion of the reinforcement takes place. The

formation of solid corrosion products will lead to a

build-up of pressure in the concrete/steel interface as

the corrosion products take up more volume than the

steel consumed.

The italicized labels in Fig. 1 characterize the

structural consequences in the concrete surrounding

the reinforcement due to reinforcement corrosion;

‘‘Damage’’ refers to the formation and propagation of

cracks inside the concrete cover, ‘‘Cracking’’ refers to

the formation and opening of cracks reaching the

concrete cover surface, and ‘‘Spalling’’ refers to the

phenomenon of cover concrete being pushed off due to

the corrosion process and the expansive nature of the

corrosion products. The above definitions are used in

this study; the definitions used in the literature vary.

The crack initiation at the concrete/steel interface and

the formation of damage prior to cracking reaching the

concrete surface has been experimentally observed by

Michel et al. [20].

The transition from the damage phase to the

cracking phase, cf. Fig. 1, is defined as the time when

the crack, which propagates through the concrete

cover from the reinforcement towards the concrete

cover surface, reaches the cover surface. However,

since the exact time is difficult to determine when

inspecting existing structures as well as in numerical

simulations of concrete cover cracking, in the present

paper a value of the crack width at the concrete

surface, W, of W = 50 lm is used to define the end of

the damage phase, viz. Wlim,c = 50 lm. A crack of

approx. W = 50 lm is the smallest crack possible to

observe with the naked eye, a so-called hairline crack,

and the value is also used in existing guidelines for

SLD, e.g. [10] as the definition of crack initiation.

Another characteristic state of the corroding rein-

forced concrete structure can be defined as the time for

which W attains a certain value. This state could be

defined as the end of the cracking phase (not neces-

sarily corresponding to the start of the concrete

spalling phase). Both the end of the damage phase

and the end of the cracking phase could be used as

limit states. The end of the cracking phase has

previously been suggested as a durability limit state

e.g. by Andrade et al. [2] and the corresponding crack

width limit should be dependent on exposure condi-

tions, concrete type etc.

A vast amount of literature concerning concrete

cover cracking caused by reinforcement corrosion

already exists, covering, among others, experimental

observations [26, 1, 2], analytical models [3, 7, 16]

and FEM-based models for cracking [7, 14, 28].

Several modelling approaches have been proposed

based on experimental results, e.g. a model for the

prediction of time of the initiation of corrosion-

induced cracking by Liu and Weyers [16], and models

for the prediction of crack width as a function of the

volume of corrosion products [21, 30]. Previous

models described in the literature introduce a so-

called porous zone or corrosion accommodating

region around the reinforcement capable of accom-

modating corrosion products [16, 30]. Thus, accord-

ing to this assumption, not all the corrosion products

formed during the corrosion process contribute to the

build-up of pressure in the concrete/steel interface.

The properties of this corrosion accommodating

region viz. thickness, porosity, etc. are of importance

for the relationship between formation and propaga-

tion of cracks and the associated number of corrosion

Fig. 1 Model for corrosion initiation and propagation and the

terminology used in the current study for characterizing the

propagation phase. After Tuutti [29] and fib Model Code for

Service Life Design [11]
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products. Consequently, since the properties of this

corrosion accommodating region are unknown, it is

possible to vary them in order to fit a proposed model

to experimental data. Though numerous models

concerning cracking of concrete cover due to rein-

forcement corrosion already exists, the models have

not been operationalized for SLD.

The objective of the present paper is to present a

fracture mechanics based numerical model for the

simulation of damage and cracking of cover concrete

in reinforced concrete structures due to uniform

reinforcement corrosion. Moreover, it is the objective

of the paper to illustrate the applicability of such

analyses for SLD of reinforced concrete structures

using operational limit states related to the corrosion

propagation phase. Finally, the ability of such models

to address design issues such as the possible use of

fibre reinforced concrete (FRC) to increase durability

is demonstrated.

The numerical model is a fracture mechanics based

finite element (FE) model, with fracture mechanical

properties based on the so-called effective cohesive

relationship of concrete. The damage and cracking

phases of the concrete cover are analysed by the use of

the model for different combinations of concrete cover

thickness and reinforcement diameter. The influence

of the extent of the corrosion is the analysis itself. As

previously explained, the end of the damage phase is

defined as the time for which W = Wlim,d = 50 lm,

whereas the end of the cracking phase is defined as the

time for which W = Wlim,c = 0.2 mm, which is in line

with the durability limit states suggested in [2]. The

limit state for the damage phase has been set to

Wlim,d = 50 lm. This value is considered as an

operational zero-value for such numerical simulations,

as the exact transition from the un-cracked state to the

cracked state is difficult to determine more accurately

(convergence of the model). The model does not

consider spalling of cover concrete since this phase is

beyond the durability limit state of concrete, which is

the main focus area of the present paper. It should be

further noticed that the limit states proposed cannot be

seen as stand-alone limit states, since the extent of

corrosion required to form such cracks may reduce the

mechanical properties, i.e. load-bearing capacity of

the structure, significantly. Therefore a proper assess-

ment of the load-bearing capacity of corroded, rein-

forced concrete structures has to be carried out in

conjunction with these limit states.

Results from the numerical mechanical modelling

in terms of the relation between damage and/or

cracking of concrete cover and extent of uniform

reinforcement corrosion causing formation of solid

products at the steel–concrete interface can be related

to time, by the use of Faraday’s law. Hence, results

presented in this paper can, as will be shown, be

directly linked to SLD making the use of limit states

associated with reinforcement corrosion operational.

It is emphasized, that this is only applicable for

uniform reinforcement corrosion and for the formation

of solid corrosion products which may not be the case

for chloride-induced corrosion.

2 Model description

The numerical model for the simulation of damage and

cracking in concrete cover related to uniform corrosion

of reinforcement embedded in homogenous defect-

free concrete is presented in the following. The model

simulates the expansion of corrosion products and the

associated damage and cracking in the concrete cover

for a semi-infinite concrete body assuming 2D plane

strain and discrete crack formation.

Cracking of concrete covers due to reinforcement

corrosion might be divided into two distinct phases,

viz. the damage phase and the cracking phase, as

illustrated in Figs. 2, 3, showing in Fig. 2 the

relationship between concrete surface crack width,

W, and the change in un-constrained rebar radius, DR,

(due to corrosion). In Fig. 3 the change in DR is

associated to different cracking configurations with

DRcrit,c denoting the radius change associated with the

transition from the damage state to the cracking state.

Fig. 2 Schematic of damage and cracking of concrete cover

during the propagation phase. Inspired by [30]
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The damage is initiated at the concrete/steel

interface. However, the damage has not reached the

cover concrete surface, for DR \ DRcrit,c, as illustrated

in Fig. 3a. The thickness of corrosion products

increases as the corrosion process continues and

eventually DR = DRcrit,c, as illustrated in Fig. 3b.

For DR = DRcrit,c the end of the damage phase has

been reached, i.e. the damage has reached the concrete

surface. Once the damage has reached the concrete

surface, the cracking phase has been initiated, and the

crack continues to open for DR [DRcrit,c, cf. Fig. 3c.

Secondary radial cracks may be formed during the

corrosion process. However, such cracks are not taken

into consideration in the present model.

Furthermore the model described in the following

does not account for a corrosion accommodating

region around the reinforcement. Hence, all corrosion

products formed contribute to the build-up of pressure

at the concrete/steel interface. Recent investigations

[20]; Pease et al. [24] show that movement of

corrosion products into the surrounding concrete can

be significant, especially in the early stages of the

corrosion process, while corrosion products tend to

concentrate on or close to the rebar at later stages.

Thus it is expected that the model presented furnishes

a conservative estimate of the relationship between

damage/cracking and the associated amount of corro-

sion products. Further details and descriptions of the

model are given in the following.

2.1 Modelling corrosion of reinforcement

Reinforcement embedded in sound, ‘‘un-contaminated’’

concrete is thermodynamically passive due to the high

alkalinity of concrete (*pH 13) [4]. However sub-

stances like Cl- and CO2 may ingress through the

concrete cover leading to de-passivation of the rein-

forcement. Various types of corrosion products can be

formed, dependent on primarily the oxygen and chloride

availability. It is in this paper assumed that solid

products are formed homogeneously around the rein-

forcement. Since the solid phase corrosion products take

up more volume than the consumed steel, a pressure is

built up on the concrete/steel interface due to the

confinement by the surrounding concrete. The volume

and linear expansion coefficients of some of the most

common corrosion products potentially forming on

embedded reinforcement are given in Table 1.

It is assumed that the corrosion products are

homogeneous and isotropic and that the primary

corrosion product is hydrated hematite (Fe2O3�H2O).

Within the present model, this expansion is modelled

by the use of a fictitious thermal load, an approach also

utilized by e.g. Molina et al. [21]. Modelling of the

transformation from steel to corrosion products and

the associated expansion of corrosion products is

outlined in Fig. 4.

Step 0 Reinforcement with initial radius, R0, is

modelled.

Step 1 A prescribed corrosion depth, X, is applied to

the model, cf. Fig. 4. The virgin steel bar is

transformed into a two-phase domain, viz.

steel and corrosion products with different

material properties: The inner domain consists

of steel, with Young’s modulus and Poisson’s

ratio of steel, Est and cst respectively, whereas

the outer domain consists of corrosion products

Fig. 3 Damage and

cracking in a semi-infinite

concrete body.

a DR \DRcrit,c W = 0,

b limit of damage phase,

DR = DRcrit,c W = Wlim,c

and c Cracking

DR [DRcrit,c W [ Wlim,c.

The illustrations are not in

scale

Table 1 Expansion coefficients of selected common corrosion

products

Identification Chemical composition gvol [-] glin [-]

Magnetite 1/3 Fe3O4 2.08 0.69

Hematite 1/2 Fe2O3 2.12 0.71

Goethite a-FeOOH 2.91 0.97

Lepidocrocite Fe2O3�H2O 6.40 2.13

From [6]
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with the properties of the corrosion product

investigated, Ecor and ccor respectively. Further

a fictitious thermal expansion coefficient is

assigned to the outer domain.

Step 2 A fictitious thermal load, Tcor, adjusted to the

fictitious expansion coefficient and together

corresponding to the linear expansion

coefficient of the corrosion products, is

applied to the outer domain. The thermal

load leads to an increase in volume of the outer

domain, viz. the corrosion products, cf. Fig. 4.

The free expansion of the corrosion products shown in

Fig. 4 is hindered due to the confinement of the

surrounding concrete. The pressure sustained by the

confining concrete is illustrated in Fig. 5.

The fictitious thermal, linear load applied to the

outer domain appears from Eq. (1)

Tcor � acor ¼ glin ð1Þ

where acor is the fictitious thermal expansion coeffi-

cient of the corrosion products.

The volume of the unconstrained corrosion prod-

ucts formed appears in Eq. (2):

Vcor ¼ 1þ gvolð Þ � VS ð2Þ

where Vcor is the volume of corrosion products and

VS is the volume of steel consumed. The approxima-

tion used in Eq. (3) can be used for the connection

between the unconstrained increase of the radius of the

reinforcement, DR, and the corrosion depth, X:

DR ¼ glin � X ð3Þ
Thus the thickness of the corrosion products is

given by X ? X�glin as shown in Fig. 4.

2.2 Fracture mechanical model

The mechanical model for the damage and cracking of

concrete cover is based on non-linear fracture

mechanical theory and models damage and cracking

in a 2D semi-infinite concrete body, assuming plane

strain. The expansion of corrosion products described

above results in damage and crack formation in the

concrete cover, cf. Fig. 3, and a debonding of the

concrete/steel interface. The model is illustrated in

Fig. 6.

Zero-thickness interface elements are placed verti-

cally through the concrete cover above the centre line

of the reinforcement and on the circumference of the

Fig. 4 Schematic illustration of modelling the expansion of corrosion products

Fig. 5 Illustration of internal pressure due to the expansion of corrosion products. Inspired by Liu and Weyers [16]

Fig. 6 Schematic of fracture mechanical model for simulation

of damage and cracking
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reinforcement, cf. Fig. 6. The interface elements

through the concrete cover model Mode I fracture,

whereas the interface elements on the circumference

of the reinforcement account for the debonding in the

concrete/steel interface, which is governed by sliding

and separation. Debonding is modelled by the use of

Mode I elements with a reduced strength for the

separation whereas the sliding is modelled by applying

constant shear stiffness after cracking. The remaining

part of the concrete body has been modelled assuming

linear elastic properties.

The mechanical properties of the interface elements

are described from Eq. (4):

r ¼ ree ¼ Ec � e Pre-cracked state

rww ¼ �a1 � w � ft Cracked state

�
ð4Þ

where re is the elastic stress, e is the elastic strain,

rw(w) is the bridging stress as a function of the crack

opening w, a1 is the slope of the softening branch and

ft refers to either ft,D or ft,C for the debonding and

cracking elements respectively. The principles of the

cohesive law governing the mechanical properties of

cracked concrete, cf. Eq. (4) are described in Fig. 7.

The cohesive laws for the cracking elements, and

the debonding elements, are sketched in Fig. 7 where

wcrit refers to the critical crack opening of the concrete,

for which no stress is transferred across the crack. As

seen from Eq. (4) the mechanical response of the

cracked concrete elements is simplified by the use of a

decreasing linear function. For the modelling

approach described later in this paper, it is assumed

that the strength of the debonding elements, ft,D, is

1/10 of the strength of the cracking elements, ft,C. The

value of ft,D is based on the assumption that the

adhesion between the reinforcement and the confining

concrete is significantly reduced due to the corrosion

process. The fracture energy, Gf, is the energy

dissipated per unit area in Mode I in the crack

represented by Eq. (5):

Gf ¼
ZWcrit

0

r wð Þdw ð5Þ

As the fracture energy given from Eq. (5) is not a

sufficient measure for the toughness of concrete, [13],

the toughness of concrete is often described in terms of

the characteristic length, lch, [27]. The characteristic

length was introduced by Hillerborg et al. [13], and is

defined by Eq. (6):

lch ¼
Ec � Gf

f 2
t

ð6Þ

The FE-based cracking model was established and

solved by the use of the commercial software TNO

DIANA. The problem was solved for plane strain.

Damage and cracking were investigated by monitor-

ing the horizontal displacement of nodes in the vertical

interface, cf. Fig. 6. The vertical interface consists of

100 elements, regardless of concrete cover thickness.

The semi-infinite concrete body as well as the

reinforcement domain has been modelled from qua-

drangular elements, utilizing a total of 2,150–2,772

nodes and 978–1,280 elements depending on the

geometry analysed, viz. concrete cover thickness, C,

and reinforcement diameter, D.

Fig. 7 Schematic of mono-linear softening curve of concrete Fig. 8 Normalized results from analyses of mesh convergence
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The number of elements in the interface has proven

sufficient. Selected results studying the convergence

of the solution as a function of the interface discret-

isation for FRC2, cf. Table 3, C = 60 mm and

D = 20 mm are depicted in Fig. 8.

The convergence analysis was carried out for 10, 20,

40, 80 and 100 elements in the interface. Results given in

Fig. 8 have been normalized with respect to the results

for 100 elements. It is seen that maximum deviation is

approx. 2 % when increasing the number of elements in

the vertical interface from 10 elements to 100 elements

and changing the number of elements in the interface

from 40 to 100 only affects the results with less than

2 %. Hence it is concluded, that the number of elements

in the vertical interface is sufficient and it is actually

possible to reduce the number of elements to optimize

computational time without compromising the accuracy

of the simulations significantly.

The mesh used for the numerical simulations is

shown in Fig. 9. It is seen that the mesh is significantly

denser at the vertical interface in order to increase the

accuracy of the numerical simulations. The measures

of the semi-infinite concrete body are 100 mm on each

side of the reinforcement, except from cover side,

which has revealed to be sufficient.

The debonding at the concrete/steel interface is

modelled with the assumption that the strength of

the ‘‘debonding’’ elements, ft,D, is one tenth of the

cracking strength ft,C. Sensitivity analyses of the

numerical model not presented here have established

that the influence of ft,D on the damage and cracking is

negligible. Thus, the results presented in this paper are

not dependent on ft,D.

2.3 Limitations for numerical simulations

The numerical model presented above has been used

for the assessment of damage and cracking connected

with uniform reinforcement corrosion in a semi-

infinite concrete body. The authors are aware that

uniform corrosion of embedded reinforcement is not

to be expected in chloride exposed concrete structures.

The term uniform refers to corrosion where the anodic

and cathodic reactions take place close to each other

and alternate as seen for example in carbonated

concrete. Although, the numerical simulations are

time-dependent, the model does not account for time-

dependent properties of the concrete matrix e.g. creep.

Additionally, the model is built on the assumption that

the corrosion products do not precipitate into either the

concrete matrix or the crack. Hence all corrosion

products formed contribute to the build-up of

pressure at the concrete/steel interface which reduces

the time-to-cracking compared to the case where

corrosion products can penetrate into the concrete

matrix and/or the crack. Further it is assumed that the

corrosion products are hydrated hematite correspond-

ing to a linear expansion coefficient of 2.1 when the

steel is corroding.

Due to constraints in the FE-modelling, the mini-

mum corrosion depth modelled is 2.5 lm.

The mechanical model is only capable of simulat-

ing damage and cracking in a pre-defined path,

cf. Fig. 6. However, the location of the pre-defined

crack path, viz. vertically above the reinforcement

through the concrete cover, is in accordance with

experimental observations, e.g. [5, 21]. Since the

present framework for SLD of reinforced concrete

structures is based on the formation of cracks in the

concrete cover, secondary cracks which are formed

subsequently to the crack through the concrete cover

and not propagating to the concrete cover surface are

not considered in the model.

Overall it is assumed that the numerical model

presents a conservative estimate of the connection

between extent of uniform corrosion of reinforce-

ment and crack initiation, propagation and crack

opening displacement at concrete surface. With this

combined effect of the simplifications, of which

some are on the safe side and some may be on the

unsafe side, it is still possible to simulate the crack

formation cf. Sect. 2.4 and this is the basis of the

work provided in this paper.

Fig. 9 Mesh for numerical simulations
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2.4 Verification of numerical model

The numerical model presented above was verified

against experimental data obtained by Vu et al. [30].

The experimental observations were carried out in an

accelerated corrosion set-up applying a constant

current, leading to a constant current density to the

steel reinforcement, icor = 100 lA/cm2. The applied

current density is related to the amount of steel

consumed by the use of Faraday’s law, assuming no

other causes for corrosion, uniform corrosion and

100 % current efficiency:

X tð Þ ¼ MFe � icor � Dt

qs � n � F
ð7Þ

where MFe is the molar mass of iron, icor is the

corrosion current density, Dt is time, qs is the density

of steel, n is the valence of the corrosion product and

F is Faraday’s constant. As icor is the corrosion current

normalized with the surface area it will be seen from

Eq. (5) that assuming constant corrosion current, i.e.

identical conditions for various reinforcement diam-

eters, requires different time scales to form the same

corrosion depth, X. Further information about the

experimental investigations is given in [30].

Experimental results in terms of concrete surface crack

width as a function of time as well as the corresponding

numerical simulation are shown in Fig. 10.

The verification of the numerical model shown in

Fig. 10 is carried out for Ec = 42.25 MPa, ft =

3.94 MPa, D = 16 mm and gvol = 2.94 obtained

from [30]. Young’s modulus of corrosion products has

been set to Ecor = 2.1 GPa, which is in accordance with

experimental observations obtained by Ouglova et al.

[22].

It is seen from Fig. 10 that the numerical model is

capable of simulating the experimental data well

for crack widths larger than 0.2 mm. However, the

time-to cracking is underestimated when using the

model compared to the experimental data, i.e. the

numerical model presents a conservative approach to

corrosion-induced cracking. This is caused by the

limitations of the numerical model, i.e. all solid

corrosion products formed contribute to the build-up

of pressure at the concrete/steel interface as discussed

previously.

3 Parameter study

A parametric study is described in the following,

studying the influence of various factors, covering

geometrical as well as material aspects. Four key

parameters have been varied:

– Reinforcement diameter.

– Concrete cover thickness.

– Tensile strength of concrete.

– Fracture energy of concrete.

Simulations are carried out for various extents of

corrosion, i.e. corrosion depths, X.

The geometrical parameters, viz. reinforcement

diameter and concrete cover thickness, and the material

parameters, viz. tensile strength and fracture energy of

concrete, are described in separate subsections in the

following.

Fig. 10 Verification of numerical model with data from [30]

showing concrete surface crack against time in accelerated tests

and the corresponding numerical simulation

Table 2 Range of geometrical parameters

Parameter Identification Min.

value

Max.

value

Unit

Concrete cover

thickness

C 10 80 mm

Reinforcement

diameter

D 5 20 mm

Corrosion depth X 2.5 50 lm
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3.1 Geometrical parameters

The range of concrete cover thicknesses and rein-

forcement diameters used for the numerical simula-

tions are given in Table 2.

The ranges of concrete cover thicknesses and

reinforcement diameters given in Table 2 are within

limits used for reinforced concrete structures in the

civil infrastructure, depending on exposure conditions

and structural purpose. The limits of corrosion depths

given in Table 2 are negligible compared to the initial

diameter of the reinforcement and thus it is assumed

not sufficient to compromise the load-bearing capacity

of a reinforced structure.

3.2 Concrete material properties

Two parameters, viz. tensile strength and fracture

energy of concrete have been varied in order to

quantify the influence of material properties on the

damage and cracking of concrete covers due to

uniform reinforcement corrosion. The fracture

mechanical properties of the model, cf. Fig. 6 are

given in Table 3.

The six combinations of concrete material proper-

ties given in Table 3 are divided into plain concrete

(PC1–PC3) and fibre reinforced concrete (FRC1–

FRC3). The cohesive relationship of plain concrete

does not vary significantly and the critical crack width

opening, wcrit, of plain concrete is within the range

0.1–0.4 mm dependent on e.g. w/c ratio and aggregate

size [23]. However, the addition of even relatively

small numbers of steel fibres changes the mechanical

properties significantly [15, 18]. Values given in

Table 3 for the mechanical properties of FRC corre-

spond to the addition of app. 0.5–1.0 vol% of steel

fibres and are comparable in terms of critical crack

width, wcrit, with experimental data [17]. Thus, though

data given in Table 3 is not obtained from specific

experimental investigations, the parameters reflect

typical properties of PC and FRC respectively.

3.3 Constants

Properties of the elastic domains, i.e. the virgin

reinforcement steel, the corrosion products and the

confining concrete without the interface layers are

constant for all numerical simulations. The properties

are given in Table 4.

Values for the properties of steel and concrete are

typical values for those materials. The mechanical

properties of corrosion products depend on the type of

Table 3 Concrete material properties investigated in numerical simulations

Identification Concrete properties Concrete/steel interface properties

ft,C (MPa) wcrit (mm) Gf (J/m2) lch (mm) ft,D (MPa) wcrit (mm) Gf (J/m2) lch (mm)

PC1 2 0.2 200 1,500 0.2 0.2 20 15,000

PC2 4 0.2 400 780 0.4 0.2 40 7,800

PC3 6 0.2 600 520 0.6 0.2 60 5,200

FRC1 2 7.5 7,500 58,000 0.2 7.5 750 58 9 104

FRC2 4 7.5 15,000 29,000 0.4 7.5 1,500 29 9 104

FRC3 6 7.5 22,500 19,000 0.6 7.5 2,250 19 9 104

Table 4 Constants for

elastic domains
Constant Identification Value Unit

Young’s modulus of steel Es 210 GPa

Young’s modulus of concrete Ec 31 GPa

Young’s modulus of corrosion products Ecor 2.1 GPa

Poisson’s ratio of steel cs 0.3 –

Poisson’s ratio of concrete cc 0.2 –

Poisson’s ratio of corrosion products ccor 0.2 –

Linear expansion coefficient of corrosion products glin 2.1 –
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corrosion product, the conditions under which they are

formed, e.g. availability of oxygen, confinement etc.

Due to the obvious difficulties in measuring properties

of confined corrosion products, the amount of available

literature is sparse. The difficulties in assessing the

properties of such corrosion products are further

described in e.g. [8, 9] describing the development

and the time-dependency of the formation of corrosion

products in embedded steel. The mechanical properties

of corrosion products, viz. Poisson’s ratio and Young’s

modulus, given in Table 4 are obtained by Ouglova

et al. [22], and Pease et al. [25] have shown that these

values are representative for solid corrosion products

formed on embedded reinforcement and further that

their influence on the deformations in the corroding

reinforcement/concrete interface is relatively weak.

The linear expansion of corrosion products corre-

sponds to that of hydrated hematite, Fe2O3�H2O, [6].

4 Results and discussion

The numerical studies of reinforcement corrosion and

associated damage and cracking of concrete cover are

described in the following. Results are presented in

terms of W, concrete surface crack width, and

corresponding DR, viz. the increase in the radius of

the embedded reinforcement caused by the expansion

of the corrosion products, see Eq. (3). The section is

divided into separate subsections treating damage and

cracking of concrete cover respectively. The two limit

states already described, viz. the end of the damage

phase and crack width limit in the cracking phase,

corresponding to W = Wlim,c and W = Wlim,d respec-

tively are illustrated in Fig. 11, showing W as a

function of DR for C = 60 mm, D = 5 mm and

concrete quality PC2.

It is shown in Fig. 11 that a non-negligible DRcrit, is

required before the damage phase is exceeded, which

is also illustrated in Fig. 3. Subsequently, in the

cracking phase, W at the concrete surface is almost a

linear function of the increase in corrosion products.

Similar results have been obtained for other values and

combinations of C, D and concrete quality. This linear

trend in the DR-W relationship during the cracking

phase has been experimentally observed by e.g. Vu

et al. [30] and described by Andrade et al. [2].

4.1 Formation of damage and cracking in concrete

cover

The damage and cracking of the concrete cover have

been simulated for all geometries and combinations of

concrete material properties given in Table 3. Damage

and cracking in the concrete cover for C = 60 mm,

D = 5 mm, and concrete quality PC2 for various

values of the increase of the reinforcement radius are

shown in Figs. 12, 13.

Similar plots have been obtained for other combi-

nations of D, C and concrete quality.

Initially a closed crack, i.e. damage, is formed

within the concrete cover, cf. Fig. 12. Damage is

Fig. 11 Calculated crack width at surface, W, for C = 60 mm

and D = 5 mm and PC2, as function of increase in radius of

reinforcement DR. The limit stages for damage and cracking are

illustrated in the figure

Fig. 12 Damage in cover, for D = 5 mm, C = 60 mm and

PC2
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formed for small values—but not negligible—of DR,

cf. Figs. 11, 12. The damage front is propagating, as

the expansion of the corrosion products increases and

eventually it reaches the concrete surface, cf. Fig. 12,

and the cracking phase has been reached. Once the

cracking phase is reached, the crack opening at the

concrete surface is increased rapidly as a function of

DR, cf. Fig. 13. The formation of a closed crack, which

propagates from the surface of the reinforcement

towards the concrete cover surface, has been exper-

imentally observed by the application of X-ray

equipment on corroding reinforcement embedded in

concrete, e.g. Michel et al. [20].

4.2 The damage limit state

Damage and the associated DR have been investigated

for various combinations of ft, C, D and wcrit. The

ranges of the parameter variation are given in Tables

2 and 3. The increase in the reinforcement radius

required to reach the damage limit state, viz. DRcrit,

depends on the concrete material properties and the

geometry of the reinforced concrete body, i.e. rein-

forcement diameter and concrete cover thickness. In

general, the simulations reveal that the limit of the

damage phase, i.e. W = Wlim,c, has been reached for

DRcrit = 13–46 lm for PC and DRcrit = 13–57 lm

for FRC for 10 B C B 60 mm and 5 B D B 20 mm.

The influence of the various parameters is seen from

Figs. 14, 15, 16, 17, 18, 19, 20 and 21.

4.2.1 The influence of concrete tensile strength

The critical increase in reinforcement radius, DRcrit, as

a function of the tensile strength, ft, is shown in

Figs. 14, 15 for plain concrete (PC1–PC3) for

D = 5 mm and D = 20 mm respectively.

The same relationship, but for fibre reinforced

concrete (FRC1–FRC3), is given in Figs. 16, 17 for

D = 5 mm and D = 20 mm respectively.

Figs. 14, 15, 16 and 17 illustrate that there is a linear

correlation between DRcrit, and ft for C = 30–60 mm

when D = 5 mm and C = 40–80 mm when D =

20 mm. For smaller covers the simulations do not

reveal the same relationship. However, this is probably

due to the limitations of the numerical model since the

minimum corrosion depth in the numerical model is

2.5 lm, corresponding to DR & 5 lm which is pre-

sumably greater than the critical increase of the

reinforcement radius caused by the corrosion process

DRcrit for these smaller covers. Results for such small

covers are not presented.

The linear correlation in the ft-DRcrit relationship is

valid for PC as well as FRC, cf. Figs. 14, 15, 16 and

17. However, comparing the figures concerning PC

(Figs. 14, 15) with the figures concerning FRC

(Figs. 16, 17) it can be seen that the regression line

for FRC lies higher compared to that of PC. This

indicates that the propagation of the damage front is

restrained when the fracture energy of the concrete

matrix is increased.

Fig. 13 Cracking in cover, for D = 5 mm, C = 60 mm and

PC2

Fig. 14 DRcrit versus ft for D = 5 mm, PC1–PC3
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Fig. 15 DRcrit versus ft for D = 20 mm, PC1–PC3

Fig. 16 DRcrit versus ft for D = 5 mm, FRC1–FRC3

Fig. 17 DRcrit versus ft for D = 20 mm, FRC1–FRC3

Fig. 18 DRcrit versus C for various ft and wcrit, D = 5 mm

Fig. 19 DRcrit versus C for various ft and wcrit, D = 20 mm

Fig. 20 DRcrit versus D for various C, PC2
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4.2.2 The influence of fracture energy

The influence of the fracture energy of the concrete

matrix on the relationship between DRcrit and damage

is seen from Figs. 18, 19 for D = 5 mm and

D = 20 mm respectively for different concrete cover

thicknesses.

As can be seen from Figs. 18, 19 the influence of

increasing the fracture energy of the concrete matrix

becomes more pronounced when the tensile strength is

increased. As an example, the increase in DRcrit for

C = 60 mm and ft = 2 MPa is 17 and 9 % for D =

5 mm and D = 20 mm respectively, whereas the

increase for the same cover and diameters but with

an increased tensile strength, ft = 6 MPa, is 23 and

17 % respectively. The increase in DRcrit between PC

and FRC is an increasing function of the concrete cover

thickness, cf. Figs. 18, 19. Hence, the geometrical

influence of the concrete cover thickness is important.

For small covers, the increase in DRcrit by shifting from

PC to FRC is negligible, whereas the gain is quite

significant for larger concrete cover thicknesses. The

explanation of this phenomenon is as follows; for the

smallest cover thicknesses, the cohesive stress associ-

ated with the end of the damage phase is almost

constant (and equal to the tensile strength) due to the

small crack openings for both PC and FRC. The result

is little difference in resistance and DRcrit between the

PC and FRC cases. For the largest concrete covers the

cohesive stress at the end of the damage state is

far from constant along the crack due to the larger

crack openings while the stress is closer to constant in

the FRC case because of the more flat softening

curve—thus giving rise to a significant difference in

resistance and DRcrit.

4.2.3 The influence of reinforcement diameter

The critical increase of the reinforcement radius

required to reach the damage limit state varies with

the diameter of the reinforcement. The critical

increase of the radius of the embedded reinforcement

at the damage limit state as a function of the

reinforcement diameter is shown for various thick-

nesses of concrete cover for PC2 and FRC2 in

Figs. 20, 21 respectively.

The influence of the reinforcement diameter on the

critical increase of the reinforcement radius to reach

the end of the damage phase is very limited for small

covers, viz. almost the same corrosion depth initiates

the crack at the concrete surface, cf. Figs. 20, 21.

However, increasing the concrete cover thickness

results in a more pronounced dependence between

DRcrit and the reinforcement diameter. For all covers,

the relationship between DRcrit and reinforcement

diameter descends asymptotically, indicating that

beyond a certain value of reinforcement diameter there

is little variation in the DRcrit versus D relationship.

4.3 The cracking limit state

Cracking of the concrete cover is investigated for the

same parameters as the damage phase, viz. cover

thickness, reinforcement diameter and concrete material

properties, cf. Tables 2 and 3. The cracking limit state is

illustrated in Fig. 11. The cracking phase and the

associated crack formation in the concrete cover are

illustrated in Fig. 13 whereas Figs. 22, 23, 24 and 25

depict the opening at the concrete cover surface.

Figure 13 illustrates the crack formation in the concrete

cover when the damage front has reached the concrete

cover surface. It can be seen that once the damage limit is

reached, the crack mainly opens at the concrete surface

when the radius of the reinforcement is increased.

The increase in reinforcement radius required to

reach W = Wlim,c as a function of concrete cover

thickness and reinforcement diameter is shown in

Figs. 22, 23, 24 and 25 respectively. Results from the

numerical simulations reveal that the cracking limit

state is reached for DR = 38–74 lm for PC and

DR = 42–105 lm for FRC for 10 B C B 60 mm and

5 B D B 20 mm.Fig. 21 DRcrit versus D for various C, FRC2
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4.3.1 The influence of fracture energy

The influence of the fracture energy, Gf, to reach the

cracking limit state, is analyzed in the following and

illustrated as a function of the concrete cover thickness

for all concrete qualities investigated and D = 5 mm

and D = 20 mm in Figs. 22, 23.

For PC the required DR to exceed the cracking limit

state shows only a negligible variation as a function of

the cover thickness for constant reinforcement diam-

eter, cf. the hollow symbols in Figs. 22, 23. Compar-

ing PC and FRC with the same tensile strength it is

seen that the addition of fibres results in a substantial

increase in DR for D = 5 mm, cf. Fig. 22. Moreover,

this effect gets more pronounced for increasing tensile

strength of the concrete matrix. For D = 20 mm, the

increase in DR is not as clear as for D = 5 mm, when

comparing PC and FRC, cf. Fig. 23.

4.3.2 The influence of reinforcement diameter

and cover thickness

The influences of geometry, viz. reinforcement diam-

eter and concrete cover thickness are shown in

Figs. 24, 25. The figures illustrate the relationship

between DR for W = Wlim,c and the diameter of

reinforcement for C = 10–80 mm, for PC2 and FRC2,

respectively.

For all cover thicknesses, regardless of concrete

fracture energy the relationship descends asymptoti-

cally. However, it will also be seen for PC, i.e. Fig. 24,

that DR for D = 5 mm increases up to C = 30 mm,

after which DR is a decreasing function of the concrete

Fig. 22 DR (for W = Wlim,c) versus C, D = 5 mm

Fig. 23 DR (for W = Wlim,c) versus C, D = 20 mm

Fig. 24 DR (for W = Wlim,c) versus D for various C, PC2

Fig. 25 DR (for W = Wlim,c) versus D for various C, FRC2
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cover thickness. The same tendency is seen for

D = 10 mm. The same phenomenon is not seen for

FRC, since a larger cover always results in an

increased DR, cf. Fig. 25.

The increased cover thickness, which was seen as

beneficial with regard to the damage limit, cf. previous

section and Figs. 20, 21, is a drawback with regard to

the cracking limit state, cf. Figs. 24, 25. For PC, the

possibility of redistributing stresses is overshadowed

by the geometrical aspect of the increased cover

thickness, i.e. an increased rotation of the cover

concrete around the rotation point (the center of the

reinforcement), because the crack opening due to

rotation is proportional to the concrete cover thick-

ness. For FRC, the beneficial effect of an increased

concrete cover thickness is not cancelled out by the

increased rotation connected with the increasing

concrete cover thickness due to the favorable stress

distribution over the length of the crack even for large

crack openings.

Comparing the required DR for W = Wlim,c

(W = 0.2 mm) for the same tensile strength, but

different fracture energy, viz. wcrit = 0.2 mm and

wcrit = 7.5 mm cf. Figs. 24, 25 respectively it can be

seen that DR is increased significantly when the

fracture energy is increased and that this effect, as

discussed before, is larger for larger concrete covers.

Assuming that service life of reinforced concrete

structures can be defined as being exceeded when a

given W is reached, cf. considerations given above,

service life can be increased significantly by increas-

ing the fracture energy of the concrete matrix,

assuming the same exposure conditions, transport

properties of the concrete matrix, etc. for PC and FRC.

4.4 General discussion

Results obtained for the simulation of damage and

cracking in concrete covers due to uniform reinforce-

ment corrosion, presented in the previous sections are

discussed in the following, and comparisons with data

from the literature are given, in the relevant passages.

Results from the numerical simulations have been

presented in terms of W and corresponding DR. The

reason for this is twofold: (1) The pressure built up at

the concrete/steel interface is directly connected to the

expansion of the corrosion products. Relative changes

in volume of the most (non-chloride containing)

corrosion products formed on embedded steel varies

significantly, within a range of 2–6.3 cf. Herholdt et al.

[12] and Table 1. Thus the corrosion depth is not a

direct measure for the increase of the radius of the

reinforcement and the corresponding build-up of

pressure and therefore it is the authors’ opinion that

it is a misleading to present crack formation with the

associated corrosion depth. (2) The simulations are

carried out for only one type of corrosion products. In

this case there is a unique relationship between X and

DR. However, since most results in the literature

concerning cracking in concrete covers are presented

in terms of W and the assumed corresponding corro-

sion depth, comparisons of simulated data and exper-

imental data from the literature will be based upon the

corrosion depth, X.

Experimental results reported in the literature con-

cerning the cracking phase are given in terms of assumed

corrosion depth, Xcrit, and related W at concrete surface,

e.g. Xcrit = 15–18 lm for W & 50 lm [2], Xcrit =

10–65 lm for W & 50 lm [30] and Xcrit = 15–30 lm

for W & 50 lm [1] for varying tensile strength of

concrete, ft, concrete cover thickness, C, and reinforce-

ment diameter, D. Values of Xcrit given above have not

been measured but are calculated based on Faraday’s

law, Eq. (7), assuming 100 % current efficiency, which

may be incorrect and thus used as an explanation for the

scatter of the results. However, the results given in the

literature corresponds well with results from the

numerical simulations presented here.

The model has been compared with accelerated

experimental results presented in [30], cf. Fig. 10. The

numerical model reproduces the experimental results

very accurately. Though there is a limit in the

prediction of the end of the damage phase, viz.

W = 50 lm, it is the authors’ opinion that there is a

good correlation between numerical and experimental

results. The difference in the prediction of the end of

the damage phase may be reduced if a corrosion

accommodating region [20] around the reinforcement

is taken into account. However, more knowledge

gained from experimental observations about the

properties of this corrosion accommodating region is

required before it can be implemented in the model,

cf. explanation given later in this section.

The formation of damage and the associated cross

section reduction of the reinforcement are in them-

selves not sufficient to affect the overall integrity of

the structure as the corrosion depth is within the range

of a few microns to create damage. Hence, in the light
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of that it may be possible to extend the service life by

including the damage phase in the service life. Note

that this only refers to uniform reinforcement corro-

sion and not other types of corrosion like e.g. pitting

corrosion, which might have fatal consequences to the

overall integrity and functionality of a reinforced

concrete structure, even for relatively limited corro-

sion attacks.

The existence of the corrosion accommodating

region is recognized by the authors. However, since

the properties of this corrosion accommodating

region, e.g. porosity and thickness have not been

thoroughly described on the basis of experimental

observations, it was omitted for the numerical simu-

lations. Furthermore, it is assumed that the corrosion

products do not precipitate into the crack formed.

Finally, it is noted that the model does not take the

formation of secondary cracks into account. Thus the

expansive nature of the corrosion products contributes

only to the formation of the crack vertically through

the concrete cover which may result in an underesti-

mation of the corrosion products required to open up

the crack to a pre-defined W.

Taking those three limitations of the model into

account, the numerical model presents a conservative

estimate of the duration of the damage phase and the

DR–W relationship for the cracking phase. Thus the

results presented here forms a conservative approach.

4.5 Interpretation of data in an SLD perspective

The results in terms of the increase of the reinforce-

ment radius required to reach the damage or cracking

limit state are related to time in order to set them into a

service life perspective. According to e.g. Bertolini

et al. [4], corrosion rates can be divided into six

categories. The corrosion rate is governed by, among

other things, the oxygen availability, concrete resis-

tivity and extent of carbonation. The categories are

given in Table 5.

Assuming uniform corrosion and constant current

rate, the X(t) can be calculated based on Faraday’s law,

cf. Eq. (7).

As previously mentioned, the damage phase is

reached for DR = 13–46 lm and DR = 13–57 lm for

PC and FRC, respectively (10 B C B 60 mm and

5 B D B 20 mm). Results for the time required to

form this thickness of corrosion products are given in

Table 6, along with corresponding C and D.

From Table 6 it appears that it is possible to

increase the service life of a reinforced concrete

structure by at least a year in most situations by

accepting the damage phase as part of the service life.

For low corrosion rates, the gain in service life, on the

assumptions previously given is significant: up to

29 years, cf. Table 6.

The time required to reach the cracking limit state,

is calculated in the same way as above, assuming

uniform corrosion, constant corrosion rate and no

movement of corrosion products into the crack or the

bulk concrete. The required increase of the radius of

the embedded reinforcement to reach the cracking

Table 5 Categorization of corrosion current densities

Corrosion rate category Corrosion current

density (mA/m2)

Negligible \0.2

Low 0.2–0.4

Moderate 0.4–0.9

Intermediate 0.9–4.3

High 4.3–8.5

Very high [8.5

Modified from [4]

Table 6 Time to reach damage limit, based on Faraday’s law

DR limits

(lm)

C (mm) D (mm) Required time [years]

Low Moderate Intermediate High Very high

icor = 0.2

(mA/m2)

icor = 0.4

(mA/m2)

icor = 0.9

(mA/m2)

icor = 4.3

(mA/m2)

icor = 8.5

(mA/m2)

PC 13 10 20 6.5 2.6 1.3 0.3 0.1

46 60 5 23 9.2 4.6 0.9 0.5

FRC 13 10 20 6.5 2.6 1.3 0.3 0.1

57 60 5 29 11 5.7 1.1 0.6
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limit state is, as already explained, DR = 38–74 lm

for PC and for FRC DR = 42–105 lm for

10 B C B 60 mm and 5 B D B 20 mm. Results are

given in Table 7.

The results given in Table 7 indicate that the

service life of a reinforced concrete structure can,

under certain conditions, be increased significantly

allowing cracks up to W = 0.2 mm in the cover

concrete, assuming that the cracks do not influence

the corrosion rate. Furthermore, it is worth noticing

that the gain in time is significant comparing FRC

with PC, viz. approximately 50 %, comparing

maximum values of DR of PC and FRC respec-

tively in Table 7.

5 Conclusions

Cracking of concrete cover due to uniform reinforce-

ment corrosion has been investigated by the use of an

FE model based on the fictitious crack model.

Simulations have been carried out for various combi-

nations of concrete cover thickness, reinforcement

diameter, and concrete material properties to identify

governing parameters for damage and subsequent

cracking of the concrete cover. Based on the investi-

gation, it is concluded:

– Results from the numerical model compare well

with experimental observations from the literature.

However, the time-to cracking is underestimated

by the numerical model.

– The tensile strength of the concrete is the most

important parameter with regard to the damage

limit state.

– Increasing the concrete cover thickness always

increases the DR associated with reaching the

damage limit state.

– Increasing the concrete cover thickness only

increases the DR associated with the cracking

limit state, if the fracture energy is high—with a

low fracture energy increasing the cover thickness

can lead to a reduced DR due to geometrical effects

associated with the crack opening profile.

– Increasing the fracture energy has little effect on

the DR associated with the damage limit state due

to the small crack openings associated with this

state.

– Increasing the fracture energy extends the DR asso-

ciated with the cracking limit state.

The paper presents simplified analyses of the results

from the mechanical model and sets them into SLD

perspectives. Based on these calculations, significant

service life may be gained allowing the formation of

small cracks in the concrete cover. Estimates given in

the paper show up to 37 years of additional service life

if cracks up to W = 0.2 mm are allowed in the

concrete cover for PC. This gain in service life can be

increased by an additional 50 % if the cover consists

of FRC compared to PC.

6 Future work

Based on the results, discussions and conclusions

presented it is suggested to couple the numerical

mechanical model with a model for the formation of

corrosion cells on embedded reinforcement as shown

by e.g. Michel et al. [19]. Establishing a link between

fracture mechanical models and electrochemical mod-

els would be the next step towards operational SLD

models including the propagation phase. However,

before the model could be used within such an SLD

framework it should be verified with more experi-

mental data.

Table 7 Time to reach cracking limit state, based on Faraday’s law

DR limits

(lm)

C (mm) D (mm) Required time [years]

Low Moderate Intermediate High Very high

icor = 0.2

(mA/m2)

icor = 0.4

(mA/m2)

icor = 0.9

(mA/m2)

icor = 4.3

(mA/m2)

icor = 8.5

(mA/m2)

PC 38 60 20 19 7.6 3.8 0.8 0.4

74 30 5 37 15 7.4 1.5 0.7

FRC 42 60 20 21 8.4 4.2 0.8 0.4

105 60 5 53 21 11 2.1 1.1
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A link between the changed transport properties of

the concrete due to the formation of cracks and the

corrosion rate of embedded reinforcement should be

established in future work, in order to establish a more

realistic link between reinforcement corrosion and the

width of corrosion-induced cracks.

Given that the corrosion accommodating region

around the reinforcement plays a significant role in the

time-to cracking it is of importance to clarify exper-

imentally the properties of the corrosion accommo-

dating region. Hence, it is suggested that experimental

observations concerning, among other things, the

influence of w/c ratio, concrete composition, rein-

forcement diameter and corrosion rate on the proper-

ties of the corrosion accommodating region should be

carried out. The experimental observations should be

carried out as non-destructive measurements, e.g.

X-ray measurements and accompanying inverse anal-

ysis of results as done by Michel et al. [20].

Moreover, the mechanical properties of corrosion

products under confinement should be analyzed exper-

imentally to verify the value used for the present work.

Finally, models for the impact of cross sectional

reduction on the structural performance should be

developed to cover chloride-induced corrosion where

inhomogeneous corrosion and formation of different

types of corrosion products is likely to occur.
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