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Chapter 1

Introduction

1.1 Objective of the thesis

The objective of the dissertation is to perform a numerical analysis of the behavior of re-
inforced concrete (RC) elements under the destructive actions of corrosion products and
external loading. In particular, the thesis considers the chloride corrosion of reinforcement
and resultant cracking of concrete. Corrosion products, accumulating around the rein-
forcement, increase their volume. Therefore internal pressure acting on the surrounding
concrete is generated. As a result cracks along reinforcing bars appear.

The analysis considers RC beams with corroded reinforcement subjected to live load
and interactions between the corrosion and external loading. The aim of the thesis is to
create a reliable model of concrete-rust-steel interface, taking into account the volumetric
expansion of corrosion products. Within the dissertation, two- and three-dimensional
numerical models, based on the Finite Element Method (FEM), Cellular Automata and
Finite Di�erence Method (FDM) are built. The analysis is performed using Matlab and
Abaqus software.

The analysis of fracture caused by chloride corrosion can help one to understand the
character of the observed damage. It can bring the answer to the question whether the
damage is a result of cracking, spalling, the loss of bond between steel and concrete or
a combination of all these actions. The important point of the analysis is building a
proper numerical model for concrete-rust and rust-steel interface. This can be treated
as a contact problem which makes the analysis more di�cult. The problem of a proper
representation of pressure generated due to expanding corrosion products is another task
that is considered within the thesis. The results of the analysis are compared with the
experimental �ndings of corrosion tests [1, 18,46,50].

1.2 Motivation of the thesis

The results of the simulations can be helpful in safety and durability predictions. The
corrosion of steel reinforcement in concrete structures exposed to the extensive use of de-
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6 CHAPTER 1. INTRODUCTION

icing salts is a worldwide problem which consumes large amounts of money allocated for
repairs every year. The model proposed in the thesis could be used when expert opinions
are prepared, for repair cost estimation or structure life-time predictions. Any experi-
mental research of corroded constructions should be supported with a correct numerical
procedure.

According to [51] the estimated cost of highway bridges corrosion in US is 37% of
all corrosion costs in the infrastructure sector. It was reported that in 1998 there were
583 000 bridges in the United States, of which 235 000 were conventional reinforced
concrete and 108 000 bridges were prestressed concrete structures. Approximately 15%
of the bridges were structurally de�cient, primarily due to corrosion of steel or steel
reinforcement. The annual direct cost of corrosion for highway bridges was estimated at
$8.3 billion, consisting of $3.8 billion to replace structurally de�cient bridges over the next
10 years, $2.0 billion for maintenance of concrete bridge decks, $2.0 billion for maintenance
of concrete substructures (excluding decks), and $0.5 billion for maintenance painting of
steel bridges [51].

The corrosion problem becomes even more severe problem when safe storage of nuclear
waste is considered. Nuclear waste are generated from spent nuclear fuel, dismantled
nuclear weapons, and products such as radio pharmaceuticals. The most important design
item for the safe storage of nuclear waste is e�ective shielding of radiation. The casks
used for permanent storage have a design life of several thousand years. In 1998 total
life-cycle cost analysis by the U.S. Department of Energy for the permanent disposal of
nuclear waste in Yucca Mountain, Nevada, estimated the total repository cost by the
construction phase at $4.9 billion with an average annual cost (from 1999 to 2116) of
$205 million. Of this cost, $42.2 million is corrosion-related [51]. In the United Kingdom
the estimate annual costs of corrosion of reinforced concrete structures is ¿550 million.

In Poland in 2013 General Director for National Roads and Motorways (GDDKiA)
reported that at the beginning of summer 2013 the reparation of the bridge in Biaªy
Dunajec was planned. According to the report the RC bridge was getting deteriorated
continuously due to water sorption, chlorides ingress and defrosting cycles. As a result the
load carrying capacity and strength of the concrete decreased. For the time of maintenance
of 65-m long bridge, being the part of the highly attended Cracow-Zakopane route, the
alternating tra�c was introduced and speed limited to 30 km/h. GDDKiA reported that
direct costs of reparation were estimated to 26 million PLN.

However, it must be emphasized that apart from direct costs, considering maintenance
and repair costs, corrosion generates also the indirect costs. The indirect costs are delays in
transport, accidents, compensations, losses in local budgets. Life-cycle analysis estimates
the indirect costs to the user due to tra�c delays and lost productivity at more than 10
times the direct cost of corrosion maintenance, repair, and rehabilitation. In the case of
the bridge in Biaªy Dunajec the estimated reparation time was 1 year and 3 months. The
bridge is a facilitation for local residents and for tourists traveling mainly to Zakopane.
Annually Zakopane is visited by 3 million tourists. Thus, only 0.5 hour delay for each
person can lead to 15 million PLN loss.
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Some of the examples of e�ects of corrosion are presented in Fig. 1.1. Corrosion
controls the lifetime of constructions, hence good understanding of the phenomena can
help to extend their safe service life and to reduce maintenance expenses. The subject
matter of the dissertation considers issues constantly under research. However, there is
still a lack of credible numerical models of the behavior of reinforced elements subjected
to detrimental actions of corrosion products.

1.3 State of the art

Chloride corrosion is one of the most frequent causes of deterioration of reinforced con-
crete elements. The most exposed are bridges, road infrastructure buildings, marine or
industrial structures, and all constructions undergoing deicing programs. The �rst signs
indicating that corrosion may have occurred are rusty stains on the concrete surface.
Next, longitudinal cracks appear, concrete spalls from the reinforcement and the loss of
bond between steel and concrete occurs, which �nally leads to a general failure of the
element.

The problem of corrosion of reinforced concrete elements involves many phenomena.
The reinforced concrete elements can be chemically damaged by:

� Acids which dissolve calcium hydroxide Ca(OH)2 present in the Portland cement

� Soft water, with pH ranging 5-6.5, which washes Ca(OH)2 out from concrete

� Sea water, containing chlorides, which leads to chloride corrosion, degrading rein-
forcement and bonding between steel and concrete

� Sulphate corrosion which leads to degradation of chemical bindings in cement and
production of ettringite

Leaching of Ca(OH)2 from concrete results in a loss of weight of concrete and weak-
ening of bindings in C-S-H phase. This may also a�ect the lowering of pH of concrete.
Sulphate corrosion is a process, in which chemical reactions between active components
of concrete and sulphates may lead to the formation of ettringite crystal. During the
crystallization process, ettringite tends to increase its volume. This generates pressure
acting on the surroundings, causing micro-cracks in cement paste. As a consequence the
value of elasticity modulus decreases and the whole element is impaired [54].

The chloride corrosion is one of the most important destructive e�ects. The phe-
nomenon may be divided into two steps. The �rst step is an initiation phase, in which
chlorides penetrate the concrete cover and accumulate around the reinforcement. High
alkalinity of concrete forms a passive layer on rebar surface. The presence of the passive
layer prevents steel from corrosion. Unfortunately as pH of concrete lowers, the passive
layer becomes more exposed to detrimental action of chloride ions. Chlorides around the
reinforcement take part in the process of decomposition of the passive layer. When the
concentration of chlorides around the reinforcement reaches a threshold value the passive
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(a) (b)

(c) (d)

Figure 1.1: E�ects of corrosion, photos quoted from www.corrosion-club.com
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�lm breaks and a corrosion cell is formed. Then, the second step of corrosion, i.e. the
propagation phase, begins. While the propagation phase continues, rust is produced. The
composition of corrosion products is di�cult to determine, yet it is known that the density
of rust is much smaller than the density of steel. This means that the volume occupied
by rust is much bigger than the volume of steel consumed in the process of corrosion.
Thus, as a result, the volumetric expansion of corrosion products takes place, an internal
pressure is generated, and tensile stresses appear in the surrounding concrete. When the
hoop stresses exceed the tensile strength, the concrete cracks.

In real structures the failure is caused by a combination of many factors, e.g. sulphate
corrosion intensi�es damage caused by freezing cycles, carbonation of concrete favors
chloride corrosion. In fact, the observation of detrimental action of one speci�ed factor is
possible only in laboratory conditions [54].

According to the international standards the reinforced concrete structure should be
designed and constructed in a way to ful�ll the reliability requirements:

� withstand all external and internal loadings

� complete the tasks demanded by the user with acceptable probability

� present adequate durability with reasonable costs of maintenance

All the requirements and limitations imposed on a structure are de�ned as two limit
states: the ultimate limit state and serviceability limit state. The ultimate limit state is
a computational condition that must be ful�lled in order to comply with the engineering
demands for strength and stability under design loads. The criteria of the ultimate limit
state are considered as the minimum requirement to provide the proper structural safety.
They consider the loss of balance of the whole structure or its part, the loss of load-carrying
capacity of cross-sections, transformation into a mechanism or loss of stability.

The serviceability limit state de�nes the performance criterion for exploitation and
durability of a structure. Hence, the serviceability limit state means that a structure may
fail to meet technical requirements for use even though it may be strong enough to remain
standing. A structure that fails serviceability is in a state that has a negative in�uence on
its usefulness. This can be caused by excessive local or global de�ections or displacements
of the structure, excessive cracking, vibrations, etc.

The corrosion research de�nes the durability of reinforced concrete structures or the
degree of degradation. The research are supposed not only to describe the state of struc-
ture, but also the remaining service time. Hence the corrosion is a threat to a structure
that results in making the requirements of serviceability limit states more strict. Accord-
ing to Eurocode 2, the main anti-corrosion protection should be provided by concrete
cover and crack width limitation. The concrete cover must be thick enough and tight.
The tightness can be achieved by controlling maximum w/c (water-to-cement) ratio and
minimum cement content. These parameters in�uence the degree of steel protection and
the porosity. Also, they are related to concrete class. For the conventional RC structures
the service time is assumed to be equal to 50 years, for special engineering structures,
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Table 1.1: Exposure classi�cation

Class Corrosion induced by Examples
XO no risk concrete used for interior structures, very low air humidity
XC carbonation contact with water, foundations, high air humidity
XD chlorides (excluding seawater) air or industrial water contaminated by chlorides,

swimming-pools, elements of bridges, roads, parking
XS seawater structures at the seashore
XF freeze/thaw attack elements of structures exposed to rain, frost and anti-icing
XA chemical attack natural soils and soil water contaminated

by aggressive chemicals

bridges or monumental structures it is 100 years. According to Eurocode 2 there are 6
types of environmental exposure, presented in Table 1.1.

The environmental conditions need to be assumed by an engineer. Unfortunately, in
some cases, e.g. when one part of a structure is exposed to seawater, an other is exposed
to air and high temperature, the conditions can endanger the structure more than it would
be predicted by Eurocode. In such case the danger needs to be speci�ed individually [59].

The minimum cover thickness should provide safe bonding force distribution, pro-
tection barrier against corrosion and guarantee the �re protection. The minimum cover
thickness depends on 6 classes of structures (S1 to S6 de�ned in Eurocode 2) and envi-
ronmental conditions. The minimum cover thickness for objects exposed to chlorides is
ranging from 20 mm to 55 mm, [59]. The minimum value may be increased for additional
protection or decreased in case of stainless steel, minding the bond strength distribution.
Eurocode 2 also de�nes the dimension deviation which is related to constructing precision
and is equal to 10 mm. However, if the constructing precision is very high the deviation
value can be decreased or completely neglected.

Eurocode 2 limits the crack width. For ordinary RC structures it is 0.3 mm. The limit
is imposed with respect to external appearance and durability of structure. However, in
environment contaminated with chlorides this limit is not su�cient and the admissible
crack width can be restricted even to 0.1 mm [28]. Unfortunately, the experimental re-
search has revealed that corrosion develops in cracks with width smaller than 0.1 mm [59].

For a proper description of the initiation phase of chloride corrosion the analysis of
the transport of moisture, oxygen and chlorides in concrete needs to be considered. The
basic model for transport descriptions is the Fick's di�usion law. In fact, the di�usion
is just one of many driving forces describing transport in concrete. However, in the case
of water transport in aged concrete, reliable results can be achieved considering di�usion
as the only mechanism governing the problem. On the other hand, the capillary water
sorption has been analyzed in [19,26,34,38].

Another problem to be analyzed is oxygen transport. Martin-Perez [34] considers
oxygen transport as di�usion-driven, while in the papers of Ozbolt et al. [37�40] it is
described as a convective-di�usive problem. Other authors seem to neglect the process.
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However, in uncracked concrete the convective term can be neglected, since the capillary
water sorption which governs the convection is signi�cant when concrete is damaged.
Also, in aged concrete oxygen concentration can be assumed as uniformly distributed.
For concrete which is most of the time exposed to air, the concentration of oxygen in the
body may be taken the same as on the free surface, thus the transport analysis can be
neglected.

The main point of the analysis of the initiation phase of chloride corrosion is the chlo-
ride transport in concrete. Some authors assume only the di�usion-driven transport, while
others use more complex expressions considering also other mechanisms. The di�usive
chloride transport has been used e.g. in [10,26,35]. The chloride di�usion models depend
on capillary water, temperature, degree of hydration or relative humidity, however, they
are limited to just one driving force. In [19, 34, 36�40] the chloride transport is a result
of di�usion and convection. On the other hand, Samson et al. [44] assume the chloride
transport to be a result of two driving forces � di�usion and migration. The whole process
is expressed by Nernst-Planck equation in a simpli�ed version, neglecting the chemical
activity of chlorides. When considering the chloride transport, the rate of chlorides bind-
ing also needs to be de�ned. Ozbolt et al. [38], as well as Oh and Jang [36] proposed a
linear relation between bound and free chlorides. On the other hand Martin-Perez [34]
assumes linear and non-linear chloride binding relations. Nielsen and Geiker [35] present
the results calculated using non-linear Freundlich binding isotherm.

Once the chlorides decompose the rebar passive layer, the corrosion cell is formed.
The description of the electrochemical process occurring in the reinforced concrete can
be found in [26, 34, 37, 59]. In [34] the corrosion current is calculated as a result of an
electrochemical process, considering Butler-Volmers kinetics, however some simpli�cations
are made during the analysis. A more thorough simulation of corrosion current �ow is
proposed in [37]. On the other hand, Krykowski [26] and Balafas and Burgoyne [3] express
the corrosion current as an empirical function of chloride concentration, temperature,
concrete resistivity and time, which was proposed for the �rst time by Liu and Weyers [30].

Due to corrosion current �owing through the pore solution the rust is produced. The
most common model used for the calculation of the mass of rust produced in the process
is Faraday's law, assuming the linear increase of the mass of rust with time. It was used
in [26,34, 37, 42,43]. However, as the rust layer thickens, the iron ionic di�usion distance
increases, so the di�usion rate goes down and the rate of rust production decreases.
In the paper of Pantazopoulou and Papoulia [42] an alternative formula, adopted from
Liu [31] and assuming a variable rate of rust production with time is considered. Both
the formulae, the Faraday's law and Liu's model, have disadvantages. The Faraday model
does not include the presence of the gradually thickening protective rust layer. On the
other hand, the formula proposed by Liu [31] gives unrealistic corrosion rates for short
times. In [3] a combined rule is adopted, where it is assumed that initially the corrosion
rate is constant, following Faraday's law, and later the corrosion rate is evaluated using
Liu's expression.

Corrosion can be distributed uniformly along the reinforcement or localized in pits.
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However, it must be pointed out that due to varying concrete cover carbonation and
content of chloride ions around the bar, the reinforcement corrosion does not usually
take place uniformly along the circumference of the bar cross section. Since in actual
environments chlorides penetrate in one direction, the corrosion starts from the most-outer
part of the rebar and thus the reinforcement does not corrode uniformly in a cross section.
A broad analysis of non-uniform distribution of corrosion can be found for instance in [12,
22,40].

Once the rust is produced the propagation phase of chloride corrosion begins. In this
phase concrete is damaged due to corrosion products. The simulation of damage is aimed
at the analysis of concrete cracking. This behavior has been considered by many authors
and therefore a variety of nonlinear models of concrete can be found in the literature. The
constitutive models are usually divided into the ones based on the theory of elasticity and
the ones based on inelastic theories, in particular the theory of plasticity. The important
feature of di�erent constitutive models is an appropriate failure criterion. For biaxial
states of stress the Kupfer experiment is widely used.

In fact, while simulating concrete structures under multiaxial loading it is more proper
to include inelastic strains in the calculations. The concrete mechanical behavior at the
macroscopic level can be modelled with classical plasticity, however micro-cracking also
causes elastic sti�ness degradation. Modelling the sti�ness degradation is di�cult to be
represented by means of the theory of plasticity and therefore the theory is often coupled
with continuum damage mechanics. Some of the damage and fracture models, considering
both elastic and plastic theories, are reviewed for instance in [24].

Bazant introduced a model representing rust expansion and its in�uence on surround-
ing concrete as a thick-walled cylinder [6]. This approach is limited to the consideration
of one corroding rebar surrounded by a concrete cylinder with thickness equal to concrete
cover. However, this model does not represent the real structure geometry. The model
assumes that the cover fails with the �rst appearance of the crack on the surface. Using
the thick-walled model it is not possible to obtain the pattern of possible failure of the
whole element, because the interactions in concrete caused by more than one corroding
rebars are neglected. The results of such analysis can only estimate the time to cracking
of the concrete cover and con�rm that damage is caused by tensile cracking, but they
do not give the image of possible failure of the whole element. The thick-walled cylinder
model has been used by other researchers, who extended the model with di�erent ma-
terial descriptions. In the paper of Pantazopulou and Papoulia [42] concrete softening
was introduced into the model and the numerical analysis based on the �nite di�erence
method was performed. Martin-Perez [34] analyzed a concrete ring with two zones �
the cracked zone with some residual strength and uncracked elastic zone. Balafas and
Burgoyne [4] focused on rust accumulation and di�erent ways of rust production. The
research conducted by Guzman et al. [19] also considers the model where one corroding
rebar is analyzed. However, in the next paper [20] the authors expand their model and
analyze a fragment of a bridge deck reinforced with six rebars, three of which corrode.

It must be pointed out that apart from cracking of the concrete cover, another im-
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portant modelling aspect is the incorporation of adhesive-frictional action at the interface
of the corroding rebar and concrete. Concrete and steel should be �rmly connected at
the contact surfaces to ensure the transfer of forces between two materials. The cooper-
ation between steel and concrete is possible due to similar thermal expansion and bond,
which guaranty compatibility of strains in steel and concrete. The bonding forces can
be in�uenced by friction between concrete and steel, type of steel (smooth or deformed),
adhesion or chemical bonding of steel and concrete. What is more, the condition of the
reinforcement is of great importance. The rough rebar surface with very thin rust coating
can in fact increase bonding, while on smooth bars greasy rust stains cause the decrease
of the bond forces.

The steel-concrete bond strength can be reduced by concrete cracking, reduction of
reinforcement cross-sectional area, and losses in friction between steel ribs and concrete.
The loss of bond strength for uncon�ned reinforcement can be much more critical than
the cross-section losses. It is stated that a small decrease of the bar diameter could lead
to even 80% bond reduction [13].

The corrosion products accumulated on the bar surface cause cracking of the concrete
cover. When the concrete cover is cracked, the remaining concrete still exhibits some
residual con�ning action. Nevertheless, this implies the loss of con�nement and a reduc-
tion in bond strength in the interfacial zone between the two materials. What is more,
the soft layer created by corrosion products that accumulate on the bar surface can e�ec-
tively reduce the friction component of the bond strength. In addition, the deterioration
of the ribs of the deformed bars causes a signi�cant reduction of the interlocking forces
between the ribs of the bars and the surrounding concrete keys. This deteriorates the
primary mechanisms of bond between the deformed bars and concrete, and hence, the
bond strength decreases signi�cantly.

According to Zybura et al. [59] when a rebar is slightly corroded (approx. 4% of steel
mass) the adhesion of steel and concrete increases about 15%. This is a consequence of the
increase of friction and roughness of steel surface. However, further corrosion results in
an abrupt decrease of concrete-steel adhesion, to 15% of the initial value. After reducing
to 8% adhesion decreases but insigni�cantly.

On the other hand studies conducted by Fang [13] revealed the dependence of the bond-
ing on the type of steel and the presence of stirrups in the analyzed samples. According
to experimental results of pullout tests presented by Fang et al. [13], the bond strength of
deformed reinforcing bars without stirrups con�nement is very sensitive to corrosion and
generally decreases with the increase of corrosion. For deformed bars with con�nement,
corrosion has no substantial in�uence on the bond strength. For smooth bars, however,
there is an opposite e�ect of corrosion on the bond strength. For smooth bars without
stirrups con�nement corrosion results in a small increase in the bond strength. For smooth
bars with con�nement, the bond strength considerably increases as corrosion advances.

In the paper by Wang and Liu [53] the bond strength of corroded reinforcement in
RC specimens without stirrups is calculated. In the model proposed in [53] corrosion is
introduced by equivalent pressure acting on concrete, according to the formulae presented
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in [42]. The main emphasis is placed on the con�nement that is created by the concrete
cover. It is observed that the cover cracking implies the loss of bond between concrete and
steel. The corrosion causes cracking of the cover and also a�ects the friction between steel
and concrete. In the paper, the bond strength of corroded deformed bar under splitting
failure is mainly studied. The failure of a structural member is treated as the failure of
concrete under multiaxial stress state. The model does not consider the possible failure
mechanism due to the lubricating e�ect of corrosion products.

The paper of Berto et al. [8] presents two ways of bond modelling, related to the
experiment conducted by Al-Sulaimani [1]. First, the frictional-type law is presented.
The model is able to represent the slip between steel and concrete, but cannot reproduce
the loss of strength after reaching the strength limit evidenced by experimental studies.
The e�ects of corrosion in�uence the bond strength value and the initial slope of the
curve, but without changing the shape of the bond-slip curve. The second proposal is
the damage-type model. The bond-slip relation is initially linear, achieving the maximum
bond stress and later descending until reaching the residual bond strength. This approach
allows for modifying not only the bond strength but also the shape of the bond-slip curve
with respect to the corrosion level.

To sum up, the simulations performed within the thesis will contribute to the discus-
sion of the following scienti�c issues:

� mechanisms of oxygen and chloride transport,

� corrosion cell analysis,

� mechanisms of fracture due to expanding corrosion products,

� interaction between damaged zones within reinforced concrete cross-section,

� interaction between longitudinal and transversal cracks,

� representation of interfacial action between concrete and corroding steel.

The research included in the project generally considers the response of an RC element
to chloride corrosion, however during the analysis a few other issues are also investigated.
The main goal is the analysis of the in�uence of expanding corrosion products on reinforced
concrete element. It considers simulation of the corroding reinforcement in element's
cross-section, pullout of the single rebar and �nally RC beam subjected to live load and
corrosion. The mechanical analysis is preceded by simulation of chloride and oxygen
transport.



Chapter 2

Theoretical foundations of corrosion

process

It has been assumed to describe the process of chloride corrosion by the two-stage Tuutti's
model which is presented in Fig. 2.1. The stages can be characterized as initiation and
propagation phases. During the initiation phase chlorides penetrate the concrete cover
and accumulate around reinforcement bars, decomposing the passive layer. As time passes
by, chloride concentration in concrete increases until it reaches a chloride threshold value,
causing complete depassivation of reinforcement. The moment of reaching the threshold is
the moment when the initiation phase ends and the propagation stage begins. During the
propagation phase steel has no natural anti-corrosion protection and a corrosion current
starts to �ow. The electrical current induces the production of rust. A growing amount of
corrosion products generates stresses appearing in the element. In the end the corrosion
process leads to cracking, splitting, delamination, loss of strength and general failure of
the element.

2.1 Initiation stage

Highly alkaline pore solution with pH equal to at least 12 or more provides a passive layer
on reinforcement surface, which protects steel from corroding. However, with time pH
of concrete lowers, mainly due to carbonation of concrete and presence of chloride ions.
Carbonation is a process of leaching Ca(OH)2 out of concrete, according to reaction:

Ca(OH)2 + CO2 → CaCO3 + H2O (2.1)

Reaction (2.1) results in decreasing pH, due to consumption of free OH− ions and
dilution of the pore solution. When pH of pore solution is below 12, the protective
function of the passive layer cannot be ful�lled [59].

During the initiation phase chloride ions permeate into concrete, which leads to decom-
position of the passive layer. Chlorides accelerate the process of passive layer decomposi-
tion, yet the exact mechanism of the phenomenon is still not convincingly described [59].

15
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Figure 2.1: Two-stage Tuutti's model

A schematic representation of initiation phase is presented in Fig. 2.2. It is assumed
that the initiation phase ends when the chloride concentration around the reinforcement
reaches a chloride threshold value. At this moment the steel passive layer is completely
decomposed, the rebar becomes electro-chemically active and a corrosion macro-cell is
formed.

2.1.1 Chlorides transport

For uncracked, unsaturated concrete, in a general case the total ion �ux can be caused
by di�usion, migration, advection and chemical activity of ionic species in the solution.
The di�usion �ux is caused by concentration gradient, the migration �ux is caused by
electrical potential gradient and advection is a result of �uid �ow.

Contrary to molecules, ions are charged particles. During the di�usion process, some
ions tend to di�use at higher rate. However, any excess charge transferred by the faster
ions builds up a local electric �eld, which slows down the faster ions, and accelerates the

(a) (b) (c)

Figure 2.2: Schematic representation of initiation phase of chloride corrosion: (a) high
pH of pore solution and low chlorides concentration, steel is passive, (b) high pH of pore
solution and medium chlorides concentration, steel is passive, (c) smaller pH of pore
solution and high chlorides concentration, steel is depassivated
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slower ions [44, 45]. Thus the migration term should not be neglected in the description
of ionic transport.

The total chloride ion �ux Jcl can be described by the extended Nernst-Planck equa-
tion:

Jcl = Dcl (H,T, h)∇Cf
cl +

zFDcl (H,T, h)

RT
Cf
cl∇Ecl +Dcl (H,T, h)Cf

cl∇ (ln γi) + Cf
clvw

(2.2)
where: Cf

cl � free chlorides concentration; Dcl (H,T, h) � chloride di�usion coe�cient,
depending on relative humidity, temperature and hydration; T � absolute temperature;
z � valence of the ion; F � Faraday constant; R � universal gas constant; Ecl � di�usion
potential set up by drifting ions; γi � chemical activity coe�cient; vw � velocity of pore
liquid.

In eq. (2.2) the terms represent di�usion, migration, chemical activity and advection,
respectively.

During the initiation process a part of chlorides reacts with hydration products and
cement. Only the free chlorides cause the corrosion of the reinforcement [34, 35, 38, 45].
The total chloride concentration is a sum of free Cf

cl and bound Cb
cl chlorides:

Ccl = Cb
cl + Cf

cl (2.3)

The relation between free and bound chloride can take the form of linear or non-
linear expression. Among the non-linear forms there are two models commonly used:
Freundlich isotherm and Langmuir isotherm [34, 35, 45]. The Freundlich isotherm is a
power law between bound and free chlorides concentration:

Cb
cl = α

(
Cf
cl

)β
(2.4)

where: α, β � empirical constants.
The linear binding relation can be obtained by assuming β equal to 1. The Langmuir

isotherm is expressed as:

Cb
cl =

α · Cf
cl

1 + β · Cf
cl

(2.5)

where: α, β � empirical constants.
The local electrical potential set up by drifting ions can be determined on the basis of

the Poisson equation [44,45]:

∇2Ecl =
zFCf

cl

εm
(2.6)

where: εm � dielectric constant of the medium.
When the problem of chloride transport in uncracked concrete is described at the

macroscopic scale, some simpli�cations can be introduced in eq. (2.2). In the case of ionic
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transport problems in reactive materials it has been assumed to separate the transport
and chemical reaction parts [45]. Thus the chemical activity e�ects can be neglected,
however the chloride binding must be considered as it in�uences the chloride concentration
signi�cantly. Assuming the average concentration of pore water, i.e. with no variation in
water content, the advective term in eq. (2.2) can also be neglected.

The di�usion coe�cientDcl (H,T, h, t) is dependent on the degree of cement hydration,
cement type, temperature, porosity, pore relative humidity and time. The di�usivity of
chlorides also represents the e�ects of the complex geometry of the porous network of
concrete. In general it can be expressed as:

Dcl (H,T, h, t) = Dc,ref · f1 (H) · f2 (T ) · f3 (h) · f4 (t) (2.7)

where: Dc,ref � reference value evaluated at standard conditions (T = 23�, te = 28 days,
H = 1); f1 (H), f2 (T ), f3 (h), f4 (t) � functions expressing the dependence of the di�usion
coe�cient on relative pore humidity, temperature, hydration and time, respectively.

Once the hydration process is completed, function f3 (h) that describes the decrease
of chloride di�usion coe�cient with time reaches a constant value [38]. The in�uence
of temperature on the macroscopic mechanical properties of concrete becomes important
only at relatively high temperatures and for usual temperatures it can be neglected.
The humidity is strictly related to pore water content. Due to the assumption of average
concentration of pore water, function f1 (H) is equal to 1. Thus when concrete is analyzed
in averaged conditions at macroscale the di�usion coe�cient becomes a constant material
parameter.

The dependence on time corresponds with the type of cement used in concrete mix
and is described by the power expression [50]:

f4 (t) = (te/t)
m (2.8)

where: m � empirical parameter.
The cements with addition of �y ash or slag reveal high dependence on time. In

comparison, the di�usion coe�cient for ordinary Portland cement (OPC) seems to be
almost constant in time. The diagrams showing the relationship of Dcl and time are
presented in Fig. 2.3. Assuming OPC as cementitious material the time dependence can
be neglected.

Using the above-mentioned simpli�cations the equation of mass conservation can be
written as:

∂Cf
cl

∂t
= ∇ ·

(
Dcl∇Cf

cl +
zFDcl

RT
Cf
cl∇Ecl

)
− ∂Cb

cl

∂t
(2.9)

with initial and boundary conditions speci�ed as follows (see Fig. 2.4):

Ccl (x̄, 0) = 0, x̄ ∈ Ω (2.10)

Ccl (x̄0, t) = C0, x̄0 ∈ Γ (2.11)
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Figure 2.3: Dependence of di�usion coe�cient on time [50]

Figure 2.4: Boundary conditions for chloride concentration calculations
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This procedure is applicable only in the case of uncracked concrete. The cracked
concrete cannot be treated as a homogenous porous material and the rate of di�usion and
migration of chloride ions towards the reinforcement is additionally dependent on crack
characteristics. Moreover, the capillary sorption in cracked concrete is fast in comparison
to di�usion or migration. Hence, the transport of water as well as the advection term must
be considered. According to the current knowledge water and free chlorides penetrate the
crack immediately after crack opening, hence the depassivation time is signi�cantly shorter
and related to the maximum crack width [38].

To determine the time of depassivation it is necessary to establish the threshold chlo-
ride concentration. Many service life models assume that the end of service life of a
structure happens when the passive layer is decomposed. It must be noticed that a higher
chloride content can be tolerated when chlorides are added to the original concrete mix.
However, to prevent corrosion due to chlorides already present in the concrete mix, con-
crete standards have provided guidelines on the allowable amount of chloride ions coming
from the original mix ingredients [34]. De�nitely the chloride threshold for prestressed
concrete is much lower than for plain reinforced concrete. The chloride threshold concen-
tration may depend on several parameters, i.e.:

� the condition of steel/concrete interface

� the properties of concrete, such as its binding capacity and the pH level of the pore
solution

� the exposure conditions, such as the source and type of chloride contamination,
temperature, and moisture content.

The chloride threshold value is usually expressed as a percentage of cement mass. The
reported values range from 0.17 to 2.5% [34], however it has been used to assume that for
ordinary reinforced concrete the chloride threshold is 0.4% of cement mass.

2.1.2 Oxygen transport

The modelling of corrosion process requires, apart from chlorides, also the oxygen trans-
port considerations, as the cathodic reaction is controlled by oxygen concentration Cox.
While corrosion proceeds, the initial oxygen supply available in concrete gets exhausted,
and oxygen must be transported into a cross-section. Oxygen is transported to the cross-
section as a particle, thus the total �ux can be expressed by eq. (2.2) without consideration
of the migration term. Since concrete is considered at macroscopic scale, the oxygen �ux
can be expressed just as a di�usion driven process. To describe total oxygen �ux Jox
Fick's equation can be used:

Jox = Dox (H)∇Cox (2.12)

where: Cox � oxygen concentration; Dox (H) � oxygen di�usion coe�cient
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Figure 2.5: Boundary conditions for oxygen concentration calculations

The di�usion coe�cient Dox (H) is dependent on the water content of concrete,

Dox (H) = 1.92 · 10−6 · f1 (H) (2.13)

where: f1 (H) � function expressing dependence of di�usion coe�cient on relative pore
humidity.

In wet concrete, oxygen di�uses in solution, while in partially-saturated concrete, oxy-
gen di�uses partly through the gas phase and partly through the pore solution. To be
consumed in the cathodic reaction, oxygen has to be in a dissolved state. The moisture
distribution along the concrete cover will certainly a�ect the amount of oxygen available
at the reinforcement level. However, similarly to the case of chlorides, the oxygen di�u-
sion coe�cient becomes a constant material parameter due to the assumption of average
concentration of pore water.

Thus for oxygen the equation of mass conservation can be written as follows:

∂Cox
∂t

= ∇ · (Dox∇Cox) (2.14)

with initial and boundary conditions (see Fig. 2.5):

Cox (x̄, 0) = 0.005, x̄ ∈ Ω (2.15)

Cox (x̄0, t) = 8.576 · 10−3, x̄0 ∈ Γ (2.16)
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The values used in conditions (2.15) and (2.16) correspond to the amount of dissolved
oxygen in concrete mixed with typical fresh water and the quantity of dissolved oxygen
at the concrete surface.

2.2 Corrosion cell

When the chloride threshold value is reached by the free chloride concentration at the
reinforcement level, steel becomes depassivated, and corrosion cell is formed. The location
of passive layer decomposition is random and depends on the properties of pore solution
and mechanical in�uences. Iron is oxidized to ferrous ions at the anode and the oxygen is
reduced releasing hydroxide ions at the cathode. The pore solution is an electrolyte and
the steel rebar is a conductor. The macro-cell model is illustrated in Fig. 2.6.

The cathodic half-cell reaction can be described by:

O2 + 2H2O + 4e− → 4OH− (2.17)

The dissolution of iron at the anodic sites takes place according to:

2Fe→ 2Fe2+ + e− (2.18)

The rust is produced according to:

Fe2+ + 2OH− → Fe(OH)2 (2.19)

4Fe(OH)2 + O2 + 2H2O→ 4Fe(OH)3 (2.20)

The supply of oxygen and water is essential for the progress of steel corrosion. However,
water does not directly control the process.

The oxygen molecules are consumed both on the anode and cathode. The number
of hydroxide ions produced per unit surface of cathode and per unit time due to oxygen
consumption is described by electric current density ic and can be expressed as [34,37]:

ic = −FωcQ (2.21)

where: ωc � number of hydroxide ions produced in the oxygen reduction reaction, ωc = 4,
Q � number of oxygen molecules reduced per unit surface of cathode and per unit time.

The oxygen �ux at the cathode or anode surface joxc/a can be calculated as:

joxc/a = Dox
∂Cox
∂n

(2.22)

where: n � outward normal to the cathode/anode surface.
The approaching and reacting oxygen molecules should be in equilibrium, thus the

number of oxygen molecules reduced at the cathode can be expressed as:

joxc = Q (2.23)
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Figure 2.6: Corrosion cell model

or, after substituting eq. (2.21):

Dox
∂Cox
∂n
|cathode = − 1

Fωc
ic (2.24)

On the other hand, the hydroxide ions released at the cathode combine with the
ferrous ions released at the anode to form ferrous hydroxide. The rate of ferrous hydroxide
production at the anode jfh can be evaluated from [34,37]:

jfh =
ia
Fωa

(2.25)

where: ia � current density at the anode surface, ωa = 2.
According to eq. (2.20) 4 moles of Fe(OH)2 (359.38 g) combine with 1 mol of O2

(32 g/mol) to form 4 moles of Fe(OH)3. Hence, the rate of oxygen consumption at the
anode joxa is given by [34,37]:

joxa = − 32

359.4
jfh (2.26)

or, after substituting eq. (2.25):

Dox
∂Cox
∂n
|anode = − 1

Fωa
ia (2.27)

When the anodic reaction is in equilibrium, it can be described by reversible potential
E0
a and corresponding exchange current Ioa (see Fig. 2.7). The cathodic reaction in equi-

librium, is described by reversible potential E0
c and corresponding exchange current Ioc.

The current �owing causes the polarization of cathode and anode areas, and the di�erence
in potentials is known as overpotential. The relation between half-cell potentials and the



24 CHAPTER 2. THEORETICAL FOUNDATIONS OF CORROSION PROCESS

corrosion current �owing through the cell forms the polarization curve of the electrode,
known as the Evans diagram (Fig. 2.7) [23,27,34].

The polarization can be caused by di�erent types of overpotential. Three types of
overpotential can be distinguished: activation, concentration and ohmic overpotential.
According to Bulter-Volmer kinetics the anodic reaction is subject to activation polariza-
tion, while the reaction at the cathode is subject to activation and concentration polar-
ization. To break the barrier during ion transfer between the electrode and pore solution
an external activation energy needs to be supplied. This results in the activation overpo-
tential. The concentration polarization occurs when the reaction is controlled by a slow
mass transfer of reactants from solution to the electrode surface.

The kinetics of iron oxidation at the anode and oxygen reduction at the cathode can
be expressed by:

ia = ioae

(
2.3

E0
a−Ecorr
βa

)
(2.28)

ic = ioc
Cox
Cs
ox

e

(
2.3

Ecorr−E0
c

βc

)
(2.29)

where: ia � current density for iron oxidation reaction, ic � current density for oxygen
reduction reaction, ioa � exchange current density for iron dissolution, ioc � exchange
current density for cathodic reaction, E0

a � standard potential in anodic reaction, E0
c �

standard potential in cathodic reaction, βa � activation Tafel slope for anodic reaction,
βc � activation Tafel slope for cathodic reaction, Cox � dissolved oxygen concentration at
steel surface, Cs

ox � dissolved oxygen concentration at external concrete surface.

Equation (2.29) considers the di�erence in oxygen concentration at the steel surface
and at the external concrete surface. In the case of anodic reaction, the change of con-
centration of reduced substance can be neglected, due to unlimited iron supply.

As a result of polarization caused by the current �owing between anode and cathode,
the potentials of electrode become equal and the reinforcing steel freely corrodes. The
new potential, called corrosion potential Ecorr is a value for which the oxidation and
reduction reaction rates are equal. The corrosion potential Ecorr and corrosion current
Icorr is a point of intersection of anodic and cathodic branches of the polarization curves
in Fig. 2.7. This intersection point represents the conditions in which the anodic and
cathodic currents are equal (but opposite in polarity) [23, 34]:

Icorr = iocAc = ioaAa (2.30)

where: Icorr � corrosion current, Aa � anode area, Ac � cathode area.

By substituting eqs. (2.28) and (2.29) into eq. (2.30), the corrosion potential can be
expressed as:

Ecorr =
1

βa + βc

(
βaβc
2.3

ln

(
iocCoxAc
ioaCs

oxAa

)
+ βcE

0
a + βaE

0
c

)
(2.31)



2.2. CORROSION CELL 25

Figure 2.7: Simpli�ed Evans diagram

Equation (2.31) can be used for calculations of the potential in the model based on a
cross-section of a reinforced concrete member where the reinforcing steel is considered to
be active. However, a better representation of the corrosion process would be obtained by
computing the steady-state current �ow in the concrete pore solution, where the in�uence
of the concrete electrical resistivity is considered. Such model should be formulated for a
longitudinal direction of a reinforced concrete member [34].

Equations (2.28) and (2.29) can be used to de�ne the conditions at the steel/concrete
interface. The equation of electrical charge conservation follows from the equation of mass
conservation and can be expressed as [34,37]:

∇ · i = 0 (2.32)

where: i � current density vector.
The current density vector i is related to the electrical potential E through Ohm's

law:

i = −σ∇E (2.33)

where: σ � electrical conductivity of concrete.
The negative sign in eq. (2.33) indicates that the direction of the current is along

a voltage drop. Assuming that the electrical conductivity of concrete is constant and
uniformly distributed, eq. (2.32) can be written as:
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∇2E = 0 (2.34)

For given boundary conditions determined using eqs. (2.28) and (2.29), the solution of
eq. (2.34) determines the distribution of the electric potential, and the corrosion current
can be calculated from eq. (2.33).

The pore structure of concrete, the degree of water saturation, and the total ionic
concentration of the pore solution are relevant factors a�ecting the electrical conductivity
of concrete. Since the concrete pore solution acts as an electrolyte with lower resistivity
than the cement matrix, the moisture content plays in fact a signi�cant role in determining
the electrical properties of concrete. Drying initially water-saturated concrete results in
an increase of the resistivity (or decrease of the conductivity).

The concrete electrical resistivity is also a�ected by the concrete temperature, and
is reduced with increasing temperature. At higher temperature, more ions dissolve into
the concrete pore solution, facilitating the �ow of electrical current [34]. However, it is
assumed that the concrete structure is exposed to usual temperature, thus the temperature
in�uence on the concrete properties can be neglected.

Concrete is assumed to be a homogeneous material, thus the electrical conductivity is
assumed to be a constant parameter, uniformly distributed throughout the entire material,
but depending on the saturation level [37].

2.3 Propagation phase

The �rst sings indicating corrosion are rusty stains on the concrete surface and cracking
of the cover. Depending on the oxidation degree the volumetric expansion of corrosion
products can vary. Oxides created during the iron oxidation process, can have even 6 times
greater volume than iron. Typical oxides produced during corrosion have the following
volume ratios in comparison to iron: FeO = 1.7, Fe3O4 = 2, Fe2O3 = 2.1, Fe(OH)2 = 3.6,
Fe(OH)3 = 4.0, and Fe(OH)3 · 3H2O = 6.15. Considering the fact that 1 mol of Fe is
55.85 g, 1 mol of O2 is 32 g, and 1 mol of H2 is 2 g, the iron-to-rust molecular weight
ratio rm is equal to 0.523 for Fe(OH)3 and 0.622 for Fe(OH)2 [42]. When the volume
of all corrosion products takes too much space, hoop stresses exceed the concrete tensile
strength and a longitudinal crack is formed. In view of the fact that it is not possible to
reliably de�ne the rust structure, it has been assumed that the rust density is a fraction
of steel density. Thus the mass and density of rust are respectively expressed as:

Mr =
Ms

rm
ρr =

ρs
γ

(2.35)

where: Mr � mass of rust, Ms � mass of steel, ρr � rust density, ρs � steel density, γ �
parameter with a value usually ranging 2 � 4.

The loss of rebar diameter caused by corrosion process can be expressed in mm, using
an empirical relation (see Fig. 2.8):
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Figure 2.8: Rust volumetric expansion

dred = d−∆d = d− 0.023icorr∆t (2.36)

where: dred � reduced diameter, d � initial diameter in mm, icorr � corrosion current
density in µA

cm2 , ∆t � time of propagation phase in years. However, one must notice that
the diameter reduction is negligible when compared with the initial diameter.

The mass of steel consumed in the process Ms can be expressed by Faraday's law:

dMs

dt
=
maIcorr
zF

(2.37)

where: ma � atomic weight of dissolved ions (for Fe ma=55.85 g/mol), z � valence of ions,
assumed to be equal to 2.

Taking into account eq. (2.35) and expressing the corrosion current in A/m as:

Icorr = πd icorr (2.38)

the mass of rust produced in the process can be expressed as:

Mr =
2.895 · 10−7πd∆t icorr

rm
(2.39)

The geometry of rust is rather irregular and rarely uniformly distributed around the
reinforcement. However, it is now assumed for simplicity that all corrosion products
are accumulated uniformly along the rebar perimeter, as illustrated in Fig. 2.8. Hence,
the relation between the change of volume and unit volume of reinforcement bar can be
expressed as:
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Table 2.1: Empirical relationship between corrosion rate and remaining service life [25]

icorr
[
A/cm2

]
Service life

icorr < 0.5 no corrosion damage expected
0.5 ≤ icorr < 2.7 corrosion damage possible in 10�15 years
2.7 ≤ icorr < 27 corrosion damage expected in 2�10 years

27 ≤ icorr corrosion damage expected in 2 years or less

εv =
∆V

V
=
Mr

πd2

4

(
1

ρr
− 0.523

ρs

)
(2.40)

Equation (2.40) represents the radial expansion due to corrosion. The volumetric
expansion of corrosion products results in the formation of internal pressure expressed by:

p =
Er

2 (1 + νr) (1− 2νr)
εv → p = ψ · icorr (2.41)

where: Er � rust Young modulus, νr � rust Poisson ratio.
The mechanical properties of rust are hard to be determined. It is common to assume

that rust behaves like water with bulk modulus Kr equal to 2 GPa and Poisson ratio
0.49 [3, 34], although there were attempts to test rust specimens, cf. [3].

Equation (2.41) is a linear relation between internal pressure acting on the concrete
cover and corrosion current density icorr. This is an e�ect of using Faraday's law for
the calculations of mass of rust products. The Faraday's law assuming constant rust
production is the most common model used in corrosion calculations, however one can
�nd other models assuming variable rate of the process [3, 31, 42,49].

In [25] one can �nd also the empirical relation between the corrosion current density
and the remaining service life time reported in Table 2.1.

2.3.1 Concrete cylinder model

The most popular model used for the analysis of the state of stress in the concrete sur-
rounding a corroding reinforcement bar is a thick-walled cylinder model [5]. The thickness
of the ring is de�ned as the shortest distance from rebar to concrete surface, i.e. the short-
est way to crack the concrete cover. The stresses caused by rust expansion are treated as a
homogeneous pressure and the problem of an empty thick-walled cylinder with an axisym-
metric load is considered in plane strain conditions. The plain strain state corresponds
well with the corrosion-induced damage due to the following assumptions: concrete is a
homogeneous elastic material and cylinder length to radius ratio is high enough to assume
that the longitudinal strain is zero.

The equations for the analysis of the isotropic linear-elastic hollow cylinder, loaded
with axisymmetric pressure acting on the internal surface and including appropriate
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Figure 2.9: Concrete cylinder model

boundary conditions, can be expressed as follows:

� equilibrium equations

σr +
dσr
dr

r − σθ = 0 (2.42)

� geometrical equations

εr =
dur
dr

εθ =
ur
r

(2.43)

� constitutive equations
Erεr = σr − νrθσθ − νrzσz (2.44)

Eθεθ = σθ − νθrσr − νθzσz (2.45)

When the tensile stress σθ is no longer balanced by the tensile strength of concrete ft,
an internal crack starts to form. In this situation two layers can be distinguished in the
concrete ring: the inner part, in which the hoop stresses have already reached ft, and the
outer part, in which concrete is still a continuous elastic material and the stress values
are below ft (see Fig. 2.9).

When a crack develops, pressure p is carried by the outer layer and its value is reduced
together with the expansion of the cracked zone. When cracks penetrate through the whole
thickness revealing reinforcement the load carrying capacity of the concrete cylinder under
tension is reached. According to [49] the relation between loss of diameter ∆d and crack
width ∆w can be approximated by a linear function, where the proportionality factor
depends on initial diameter d and concrete cover c (see Fig. 2.9), all expressed in mm:
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∆w =

(
1

γ
− 1

)
πd

d/2 + c

(d+ c) c
∆d (2.46)

where: ∆d � rebar diameter reduction, eq. (2.36).
The thick-walled cylinder model has some limitations, especially due to the simpli�ca-

tion in geometry. However, the cylinder model is considered as a foundation for corrosion
estimations.

2.3.2 Bond reduction

Corrosion of reinforcing bar can greatly in�uence the bond strength between deformed
bars and concrete, leading to relative displacements between steel and concrete. First, the
soft layer created by the accumulated corrosion products on the bar surface may e�ectively
reduce the friction component of the bond strength. In addition, the deterioration of the
ribs of the deformed bars causes a signi�cant reduction of the interlocking forces between
the ribs of the bars and the surrounding concrete keys. Second, the accumulated corrosion
products on the bar surface cause cracking of the concrete cover. The loss of concrete
cover implies a loss of con�nement and a reduction in bond strength. However, it is quite
di�cult to distinguish the e�ects of the reduction in bond strength due to the loss of
concrete cover and due to the loss of friction.

During the RC element performance the concrete keys become crushed by the rein-
forcement ribs. This generates microcracking around rebar. Next, diagonal forces act
in concrete to balance the force in the reinforcement bar [9]. The angle of the forces is
always larger than 45° [48]. The diagonal forces are balanced by longitudinal compression
forces and circumferential tensile forces, presented in Fig. 2.10.

When the tensile stresses, forming rings around reinforcement exceed concrete tensile
strength the concrete cracks. However, the cover thickness can help to mitigate the
damage in concrete. It has been established that cover with thickness of 2.5φ − 3.0φ is
enough to prevent cracking due to pullout [48].

The pullout action generates tangential stresses τ at concrete-steel interface, expressed
as:

τ =
(σs + dσs)As − σsAs

Π d dx
=
d

4

dσs
dx

(2.47)

where: As � bar cross-section area, σs � axial stress in the reinforcement.
Hence, the radial, tensile component of bond stress pb is given by:

pb = τtan(φ) (2.48)

Initially, for low levels of corrosion the radial stresses increase causing initial small
increase of bond strength. Further rust accumulation leads to cracking of the concrete
cover, which results in noticeable reduction of bond strength. The con�ning action can
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Figure 2.10: Distribution of forces in concrete around rebar during pullout bond reduction

be provided only by the transverse reinforcement, minding that this con�nement will
decrease too if the transverse reinforcement are a�ected by corrosion.

The total radial pressure applied at steel-concrete interface is a sum of corrosion pres-
sure p and radial bond component pb:

ptotal = τtan(φ) + p (2.49)

Thus, the reduction of tangential stresses can be expressed as [34]:

τ =
1

tan(φ)
(ptotal − p) (2.50)

Assuming that the total pressure around reinforcement must be balanced by concrete
strength, pressure ptotal can be treated as a material characteristic, depending on concrete
tensile strength, concrete cover thickness and presence of transverse reinforcement.
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Chapter 3

Calculation models

3.1 Analysis scheme

Within the framework of the thesis calculations of the corrosion process are performed
considering both the initiation and propagation phases. The scheme of the calculation
procedure is presented in Fig. 3.1. The computations are divided into two parts. The
�rst one includes the determination of chloride and oxygen concentrations, as well as
of the corrosion current and volumetric expansion of rust. The second part considers
the mechanical aspect of corrosion. For the purpose of the �rst part of calculations a
Matlab script is written considering the mathematical model presented in Section 2.1. The
loading programme determined as a result of the �rst part of calculations is implemented
in Abaqus, the Finite Element package, used for the second stage. In Abaqus the in�uence
of corrosion on concrete cracking and concrete-steel bond is analyzed.

The research included in the dissertation generally considers the response of an RC
element to chloride corrosion, however during the analysis a few minor issues are also in-
vestigated. The main goal is the analysis of the in�uence of expanding corrosion products
on reinforced concrete member.

During the initiation phase of corrosion, the key point is to assume the proper chloride
threshold value and binding relation. The duration of the initiation phase can in fact be
identi�ed as the service life-time of a structure. Once the reinforcement is depassivated,
the destruction due to corrosion is very quick. Therefore, the calculations of initiation time
should be performed with respect to available experimental data, possibly considering all
the phenomena appearing during the phase. However, it must be noticed that in the
experimental results available in literature there are discrepancies in many data items,
such as di�usion coe�cients, binding parameters or chloride threshold values. Hence, in
the simulation presented in the thesis, some arbitrary material properties are going to
be used. Additionally, parametric studies performed, hoping to bring a reliable model
representing the initiation phase of corrosion.

In the second part of calculations the Finite Element models are built to analyze
the mechanical processes occurring in the RC members due to reinforcement corrosion.

33
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Boundary conditions for chlo-
rides and oxygen concentrations

Oxygen transport

Chlorides transport

t
=
t+

1

Cf
cl ≥ Cthreshold

cl
Oxygen concentration

Corrosion poten-
tial distribution

Corrosion current

Mass of rust

Volumetric expansion

Internal pressure

2D or 3D FE analysis
of RC elements with
corroded reinforcement

no

yes

Figure 3.1: Calculation procedure
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(a) (b) (c)

Figure 3.2: Di�erent versions of concrete-rust-steel interface models: (a) � continuum
model of steel and concrete, (b) � continuum model composed of three layers, (c) �
continuum model of steel and concrete, corrosion introduced as interface elements

The chloride corrosion is a constantly investigated problem, however the composition of
corrosion products is not known in advance. The mechanical parameters such as Young
modulus or Poisson ratio are arbitrarily selected, moreover the character of the contact
between rust and concrete and actions occurring on the contact surface need to be ap-
proximated. The concrete-rust-steel interface models can be built in di�erent ways. The
�rst one is a continuum model of steel and concrete, in which corrosion expansion is rep-
resented by a change of volume of steel. The alternative representation is a continuum
model of three layers � steel, rust and concrete. In the third variant steel and concrete are
modeled with continuum elements, while corrosion products are introduced as interface
elements. The last model could represent three materials and interfaces between them.
Di�erent versions of the concrete-rust-steel interface model are presented in Fig. 3.2.

Another problem to be solved is to create a credible way of applying rust expansion.
There are three proposals in this respect. The �rst one is to apply an equivalent pressure
estimated on the basis of the electro-chemical analysis. In this option the uniformly
distributed pressure representing the action of expanding corrosion products is applied to
the steel-rust-concrete contact surfaces. The second is to create a layer of rust material.
During the calculations the thickness of the layer increases, imitating the behavior of
volumetric expansion of corrosion products. The last concept is to represent the action
of expanding corrosion products by the behavior of interface elements placed between
particular materials. As corrosion products increase their volume, the interfaces between
concrete and steel open (and possibly slide).

The FE models presented in this thesis are built using two materials � concrete and
steel, and rust interface between them. The rust expansion is represented by the opening
of the interface.

In a general case, a three-dimensional FE model needs to be constructed to analyze
both the action of corrosion products and the external loading applied to the element. The
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Figure 3.3: Con�guration for concentration calculations

research involves two ways of loading. It investigates how the corroded element behaves
under the external loading and, on the other hand, how the loaded element behaves when
additionally chloride corrosion occurs.

As the component materials are represented as inelastic, Newton-Raphson algorithm
is used in the nonlinear computations. Moreover, the FE calculations are performed with
two time integration schemes � explicit and implicit.

3.2 Numerical model of initiation phase and corrosion

current

In the �rst part of calculations the chloride and oxygen transport are analyzed, as well
as the corrosion current and volumetric expansion are estimated. It has been assumed
that all the material parameters governing the chloride and oxygen transport problem
are constant during the analysis. Concrete is considered at the macroscale as a good
quality homogeneous material with a water-to-cement ratio w/c equal to 0.4. Due to the
assumption of average saturation of concrete with pore water, the di�usion coe�cients
for both chlorides and oxygen are constant material parameters, uniformly distributed
throughout the whole concrete element( attention is focused on beams). What is more,
for simplicity, during the initiation phase concrete is assumed to be solid, without any
slots for reinforcement. The degree of water saturation is assumed to be 65% and concrete
is uncracked. For the initiation phase calculations concrete is a 3D block with constant
material parameters and one 2D cross-section can be analyzed. The concentrations of
oxygen and chlorides calculated for one cross-section are assumed to be the same in all
other cross-sections along the beam longitudinal axis. The con�guration for oxygen and
chloride concentration calculations is presented in Fig. 3.3.

The electric conductivity of concrete, which in fact is dependent on the degree of
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Figure 3.4: Con�guration for current calculations (C � cathode, A � anode)

water saturation and porosity, is considered as constant throughout the entire solid. As
the electric current �ows through the rebar, the current and potential calculations should
be performed in a con�guration along the reinforcement axis. In the analysis it is assumed
that one, speci�ed beam cross-section is related to anode and another one is related to
cathode. With this assumption the boundary conditions for the potential distribution
can be calculated for speci�ed nodes. The potential distribution and corrosion current
are calculated in 1D con�guration presented in Fig. 3.4.

The chlorides binding is assumed to run according to Freundlich isotherm, see eq. (2.4).
Considering this fact, eq. (2.9) can be rewritten as:

∂Cf
cl

∂t
= ∇ ·

(
Jfcl
)
− ∂Cb

cl

∂Cf
cl

∂Cf
cl

∂t
(3.1)

which leads to:

∂Cf
cl

∂t
=

1

1 + αβ
(
Cf
cl

)β−1∇ ·
(
Jfcl
)

(3.2)

By assuming the values of α and β the binding relation can be controlled. The expres-
sion (3.2) allows one to obtain the results for no binding (α = 0), linear binding (α 6= 0,
β = 1) or nonlinear binding (α, β 6= 0, β 6= 1).

For computation of the chloride and oxygen concentrations cellular automata (CA)
are used. CA are mathematical idealizations of physical systems in which space and time
are discrete and physical quantities are taken from a �nite set of discrete values. Any
physical system satisfying di�erential equations may be approximated as a CA by intro-
ducing discrete coordinates and variables, as well as discrete time steps. The CA can be
understood as an alternative approach to physical modelling rather than an approxima-
tion. Due to their simple formulation they are potentially adaptable to a more detailed
and complex analysis, giving to the whole system some properties, self-induced only by
its local dynamics [10].
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Figure 3.5: Von Neumann neighborhood of the cell: red � the considered cell, yellow �
neighbors

The elementary form of CA consist of a regular uniform grid of cells with a discrete
variable in each cell taking one of a �nite number of states. The set of variables cki = ci(tk)
at each cell i and time k, de�nes the state of CA. As calculations proceed CA evolves
in discrete time steps according to a speci�ed rule. The updated state of CA is de�ned
by �new� values of variables ck+1

i = ci(tk+1) based on the values of variables ckn in their
neighborhood n and the cell itself at the preceding time tk. Thus, the dynamics of a CA
can be formally represented as [10]:

ck+1
i = Φ

(
cki ; c

k
n

)
i− r ≤ n ≤ i+ r (3.3)

where: Φ � evolutionary rule of the automaton, r � radius specifying cell neighborhood.
A proper choice of the neighborhood plays a crucial role in determining the e�ective-

ness of such a rule. One of the possible neighborhoods is von Neumann neighborhood,
presented in Fig. 3.5. It consists of cells belonging to a cross, while the center lies in the
considered cell. Also attention should be paid to the cells lying at the boundary of the
cell grid, where neighbors exist on one side only.

Thus, eq. (3.2), as well as eq. (2.14) can be e�ectively simulated by adopting a von
Neumann neighborhood with radius equal to 1, which means the concentration calculated
in the closest neighbors a�ects the value of concentration in the considered cell. The rule
of evolution is expressed as [10,58]:

Ck
i = ϕ0 · Ck−1

i +
n∑
j=1

(ϕ−j · Ck−1
i−1,j + ϕ+

j · Ck−1
i+1,j) (3.4)

where: Ck
i � concentration of substance in cell i at time tk, n � number of dimensions (n

= 2).
The values of the evolutionary coe�cients must satisfy the following normalization

rule, required by the mass conservation law [10,58]:

ϕ0 +
n∑
j=1

(ϕ−j + ϕ+
j ) = 1 (3.5)
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To ensure the stability of the numerical procedure, the relative time step measure
should be maximum 0.5 [10,35,58]:

∆t ·Di

∆x2
≤ 0.5 (3.6)

where: ∆t � time step, Di � di�usion coe�cient for particular substance and ∆x � grid
dimension.

The di�usion potential of chlorides used in eq. (2.9) is calculated in the 2D cross-
section con�guration (Fig. 3.3). The Poisson eq. (2.6) is solved using FDM, with central
di�erence expressions. The convergence is achieved by assuming that the maximum error
value between two iterations cannot be greater than 10−6. The convergence condition is
assumed as: ∑

i,j ψ
l
i,j −

∑
i,j ψ

l−1
i,j∑

i,j ψ
l−1
i,j

≤ 10−6 (3.7)

where:
∑
i,j ψ

l
i,j � sum of chlorides potential values at nodes i, j of cross-section in iteration

l.
The chlorides and oxygen concentrations are calculated repeatedly in a time loop un-

til the free chloride threshold value is reached (see Fig. 3.1). After reaching the chloride
threshold the electric potential distribution is calculated with respect to the current oxy-
gen concentration. The Laplace eq. (2.34) is solved using FEM for a 1D problem with
Lagrange shape functions. The distribution is calculated for the section of rebar, between
two cathodes, illustrated in Fig. 3.4. The anode is assumed in the middle of the section.
Due to symmetry, only half of the section is analyzed, between the anode and a cathode.
The boundary conditions for the potential at anode and cathode sites are calculated from
eqs. (2.28) and (2.29), assuming that initially the anode and cathode current densities are
equal to ioa and ioc, respectively. The proposed model does not consider any additional
conditions for anode and cathode sites. The cathode and anode areas are not in any
relation and they become equal with time. The corrosion current is calculated according
to eq. (2.33). The equation is solved using FEM with Lagrange shape functions as well.

The mass of rust and volumetric expansion are calculated according to the analytical
expressions presented in Section 2.3. As a result of the �rst part of calculations a loading
programme is achieved. In further analysis the obtained pressure evolution is applied at
the steel-concrete interface, to simulate cracking of concrete and reduction of bonding
between those two components of RC structural member.

3.3 Numerical model of propagation phase

The proposed model of corrosion e�ects in RC cross-section is focused on the analysis
of cracking of concrete, caused by rust expansion. To simulate the in�uence of corrosion
on bonding between steel and concrete, the entire RC structural element needs to be
modelled. Two- and three-dimensional models are built using FEM. The simulation of
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damage due to corrosion is performed in the Abaqus package. The FE models consider
material models available in Abaqus, which are brie�y discussed below.

3.3.1 Damage-plasticity model

The �rst constitutive model for concrete behavior used in the calculations is based on
the plasticity-damage formulation proposed by Lubliner [33] and modi�ed by Lee and
Fenves [29]. The model aims at capturing the e�ects of irreversible damage associated
with the failure mechanisms under low con�ning pressures.

In the theory summarized below small strains are assumed and Voigt's matrix-vector
notation is used. It is well-known that in the theory of small strains the strain rate tensor
ε̇ can be decomposed into elastic part ε̇e and plastic part ε̇p:

ε̇ = ε̇e + ε̇p (3.8)

The elastic constitutive relation can be expressed as:

˙̃σ = Deε̇e = De(ε̇− ε̇p) (3.9)

where: ˙̃σ � e�ective stress rate tensor and De � elastic moduli tensor.
In the adopted damage-plasticity model the physical con�guration (real damaging

specimen) and the so-called e�ective con�guration (undamaged "skeleton" of the speci-
men) are distinguished, and strain equivalence in the two con�gurations is assumed.

The material degradation associated with cracking of concrete leads to a reduction of
the initial elastic sti�ness denoted by De. According to the simplest concept of isotropic
continuum damage, a scalar damage variable d is introduced to relate the degraded secant
sti�ness operator De

sec to the elastic sti�ness matrix De:

De
sec = (1− d) De (3.10)

The value of scalar degradation variable changes within the range 0 ≤ d ≤ 1. This
allows one to express the stress in terms of e�ective stress σ̃ acting on the undamaged
skeleton of the material:

σ = (1− d)σ̃ = (1− d)De(ε− εp) (3.11)

The damage-plasticity model available in Abaqus expresses the yield function as a
function of e�ective stress and hardening variables:

F (σ̃, ε̃p) ≤ 0 (3.12)

For quasi-brittle materials the yield function is a surface in the e�ective stress space,
for which an inelastic or damage state can be determined. Figure 3.6 shows its 2D
representation. The plastic �ow is governed by a �ow potential Φ, de�ned in the e�ective
stress space, according to nonassociated �ow rule:



3.3. NUMERICAL MODEL OF PROPAGATION PHASE 41

ε̇p = λ̇
∂Φ(σ̃)

∂σ̃
(3.13)

where: λ̇ � nonnegative plastic multiplier, satisfying Kuhn�Tucker conditions:

λ̇F = 0 λ̇ ≥ 0 F ≤ 0 (3.14)

The evolution of the degradation variable is governed by a set of hardening variables
ε̃p and the e�ective stress d(σ̃, ε̃p). The responses related to tensile and compressive
damage are di�erent in concrete, therefore it is not convincing to represent all damage
states by a single parameter [29]. In the model implemented in Abaqus the damage states
are characterized independently by two hardening variables ε̃pt and ε̃

p
c , which are referred

to as equivalent plastic strains in tension (t) and compression (c):

ε̃p =

[
ε̃pt
ε̃pc

]
(3.15)

Microcracking and crushing are represented by increasing values of hardening variables.
The variables control the evolution of the yield surface and the degradation of the elastic
sti�ness. After computing the time derivative of eq. (3.11), since all in�nitesimal quantities
can be related to the strain rate (both damage and plasticity are strain-driven), the
tangent relation between strain and stress rates can be computed:

σ̇ = Ddpε̇ (3.16)

where Ddp denotes the tangent sti�ness operator for the damage-plasticity model (in the
computational algorithm so-called consistent tangent is used, cf. [7]).

The constitutive relations for the elastic-plastic response are decoupled from the sti�-
ness degradation response. When concrete is unloaded from any point on the strain
softening branch, the unloading sti�ness is weakened due to damage. To separate the
specimen response in tension and compression, two damage variables are assumed to be
functions of the equivalent plastic strains:

dt = dt(ε̃
p
t ), dc = dc(ε̃

p
c) (3.17)

It is noted that damage in quasi-brittle materials can be related to the fracture energy
Gf which is the amount of energy required to generate micro-cracks. Softening of concrete
is partly a structural phenomenon, nevertheless the fracture energy is treated as a material
property. It is normalized by the localization zone size l (also referred to as crack band
width), which leads to the following expression for speci�c fracture energies gt/c:

gt/c =
Gt/c

l
=
∫
σ(εp)dεp (3.18)

Thereby separate fracture energies Gt/c are postulated for tension (t) and compression
(c) [29].
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Figure 3.6: Yield function in damage-plasticity model [47]

In uniaxial state the evolution equation for hardening variables can be related to the
fracture energies gt and gc by:

˙̃ε
p

t =
1

gt
ft(ε̃

p
t )ε̇

p , ˙̃ε
p

c =
1

gc
fc(ε̃

p
c)ε̇

p (3.19)

where: ft and fc � tension and compression �yield� stresses, respectively.
For multiaxial conditions eq. (3.19) involves eigenvalues of stress and plastic strain

rate tensors. The matrix h̃(σ̃, ε̃p) is related to the fracture energies by:

h(σ̃, ε̃p) = h̃(σ̃eig, ε̃
p) =

[
r(σ̃eig) · ft(ε̃pt )/gt 0 0
0 0 (1− r(σ̃eig)) · fc(ε̃pc)/gc

]
(3.20)

where: σ̃eig � e�ective stress eigenvalues matrix.
The scalar quantity r(σ̃eig) is a stress weight factor, with a value ranging 0 ≤ r(σ̃eig) ≤

1. Thus, for multiaxial conditions the evolution of hardening variables can be expressed
as:

˙̃ε
p

= h̃(σ̃eig, ε̃
p) · ε̇peig (3.21)

where: ε̇peig � matrix of eigenvalues of plastic strain rate. The eigenvalues are placed in
those matrices in algebraic order.

Although tensile and compressive damage variables are de�ned separately, both re-
sponses are described with a single damage variable d de�ned as:
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(1− d) = (1− scdt)(1− stdc) (3.22)

where: st and sc � functions of stress state that are introduced to represent sti�ness
recovery e�ects associated with stress reversals. Their values change within the range
0 ≤ st, sc ≤ 1.

The model can be equipped with viscoplastic regularization according to a generaliza-
tion of the Devaut-Lions approach, in which a viscous upgrade of the plastic strain tensor
and hardening variables is derived using an additional viscosity parameter, called relax-
ation time µ, c.f. [47]. The rate-dependence related to viscosity provides an additional
ductility in the model and is an e�cient method to overcome the problems of convergence
of the cracking simulation algorithm, [41]. The inviscid case is retrieved when µ = 0.
Among other approaches the Ho�man plasticity model [56, 57] could be the alternative
used for concrete. It allows one for the description of di�erent properties of the material
in tension and compression and employs one yield surface within viscoplastic formulation.
The Reader interested in the theoretical background and applications of viscoplasticity in
the simulations of material failure is referred for instance to the overview work [32].

In the simulations presented in this thesis the damage counterpart of the model is not
activated, since monotonically increasing load is only considered. Thus, the yield, plastic
potential and hardening functions are used to represent material failure.

3.3.2 Cracking model

The second model used in the calculations of RC members is a cracking model for concrete
and brittle materials, also available in Abaqus. This model describes the quasi-brittle
behavior of concrete. It is assumed the brittle behavior is represented by smeared cracking.
�Crack� means a direction in which softening has been detected at calculation material
point, however the individual cracks are not tracked. In compression it is assumed that
the material is linearly elastic.

In the cracking description three basic crack direction models can be distinguished:
�xed direction of orthogonal cracks, rotating cracks and �xed, multidirectional (nonorthog-
onal) cracks. The �xed orthogonal cracking model assumes that the direction normal to
the �rst crack is aligned with the direction of maximum principal tensile stress, at the
time of crack initiation. The model stores this direction and any subsequent cracks can
only form orthogonally to the �rst crack. In the rotating cracks model a single crack
can form at any point. The crack direction rotates with the direction of the principal
stress axes. The model has no memory of crack directions. The last, multidirectional
model allows any number of cracks at the point to form, as the direction of the principal
stress axes changes with loading. All crack directions are memorized. In Abaqus the �xed
orthogonal cracking model is used [47].

The model assumes that the total mechanical strain rate ε̇ is decomposed into elastic
strain rate in uncracked concrete ε̇e and cracking strain rate associated with any active
cracks, ε̇ck:
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(a) (b)

Figure 3.7: (a) � Rankine criterion in cracking model [47], (b) � Global (1, 2, 3) and local
(n, t, s) cracking coordinate system, (n � normal direction, t, s � in-plane directions) [47]

ε̇ = ε̇e + ε̇ck (3.23)

The cracking strains in eq. (3.23) are written in vector form in the local Cartesian
coordinate system (n, t, s), shown in Fig. 3.7(b), that is aligned with the crack directions.
Thereby, in the global coordinate system strains are denoted by εc, and in the local system
by eck:

εck = [ε11, ε22, ε33, γ12, γ13, γ23] eck = [enn, ett, ess, gnt, gns, gts] (3.24)

The stress vector is denoted in the global coordinate system by σ, and in the local
system by t:

σ = [σ11, σ22, σ33, σ12, σ13, σ23] t = [tnn, ttt, tss, tnt, tns, tts] (3.25)

The relations between strains and stresses in the global and local coordinates can be
expressed in matrix form by transformation matrix T:

εck = T eck, t = TT σ (3.26)

The continuum between cracks is modelled with isotropic, linear elasticity. The or-
thotropy caused by cracking is introduced in the cracking component. To detect crack
initiation, a simple Rankine criterion is used (its 2D version is shown in Fig. 3.7(a)). In
the model it is assumed that a crack forms when the maximum principal tensile stress
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exceeds the tensile strength of material. Cracking is irrecoverable, but when the stress
across the crack becomes compressive, the crack closes completely [47].

The relation between stress rate and cracking strain rate at the crack interface can be
expressed by:

ṫ = Dck ėck (3.27)

where: Dc � diagonal cracking matrix depending on the state of existing cracks. The
diagonal sti�ness components are: (DI

nn, D
I
tt, D

I
ss, D

II
nt , D

II
ns, D

II
ts ). Two possible states of

a crack are considered in the model � an actively opening crack and closing/reopening
crack.

The stress rate can be expressed as:

σ̇ = De(ε̇−T ėck) (3.28)

where: De � isotropic elasticity matrix.
Premultiplying eq. (3.28) by TT and substituting eq. (3.27), the stress-strain rate

equation after transformation can be written in the form:

σ̇ =
(
De −De T

(
Dck + TTDe T

)−1
TTDe

)
ε̇ = Dec ε̇ (3.29)

The tension softening behavior is described on the basis of the brittle fracture concept
of Hillerborg [21]. The Abaqus model assumes that the fracture energy required to form
a unit area of crack surface in Mode I, GI

f , is a material property. The fracture energy
value can be related to the tensile stress as a function of the crack-opening displacement:

GI
f =

∫
σIt dun (3.30)

The smeared cracking assumption involves a well-known mesh sensitivity problem. To
overcome this di�culty the strain is multiplied by a characteristic length related to the
element geometry and formulation:

uckn = ecknn · l (3.31)

In eq. (3.31) local crack direction n is used as an example.
Crack initiation is based on Mode I fracture only, but postcrack behavior includes

both Mode I and Mode II. The Mode II model is based on the observation that the
shear behavior is dependent on the crack opening. The cracking conditions for Mode
II are activated when cracking has taken place in the associated normal direction. The
Abaqus model assumes the postcracking shear sti�ness is dependent on the crack opening
to prevent the model from a too sti� response. As cracks develop, the shear stress tends
to zero. The total shear stress is de�ned as a function of the total shear strain (directions
n and t are used as an example):

tnt = DII
ntg

ck
nt (3.32)
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Figure 3.8: Huber-Mises yield surface in classical metal plasticity model

where: DII
nt � sti�ness that depends on crack opening and can be expressed as:

DII
nt = ρ(ecknn, e

ck
tt )G (3.33)

where: G � shear modulus of the uncracked concrete and ρ(ecknn, e
ck
tt ) � shear retention

factor which has values between one and zero and depends on crack opening.

3.3.3 Steel model

Steel is modelled with classical isotropic plasticity model [47]. The model is commonly
used for metal plasticity calculations, either as rate-dependent or as rate-independent,
and has a particularly simple form. The Huber-Mises yield function with associated �ow
is assumed. The Huber-Mises yield surface used to de�ne isotropic yielding is presented
in Fig. 3.8. It is de�ned by giving the value of the uniaxial yield stress, as a function of
uniaxial equivalent plastic strain.

The total strain is decomposed into elastic and plastic parts:

ε = εe + εp (3.34)

The elasticity is linear and isotropic and, therefore, can be written in terms of two
material parameters, bulk modulus K and shear modulus G, which can easily be computed
from Young's modulus and Poisson's ratio. The elasticity model can be expressed as:

p = −Kεvol (3.35)

s = 2Gee (3.36)

where: p � pressure, s � deviatoric stress, εvol � volume strain, e � deviatoric strain,
de�ned as:
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p = −1

3
trace (σ) s = σ + pI εvol = trace (ε) e = ε− 1

3
εvolI (3.37)

The Abaqus model uses associated plastic �ow [47]. Therefore, as material yields, the
inelastic deformation rate is in the direction of the normal to the yield surface. In the
Huber-Mises model it is purely deviatoric. The �ow rule is:

ėp = ėpn = ėp · 3

2

s

q
(3.38)

where: n � �ow direction, q � Huber-Mises stress, q =
√

3
2
s: s, and ėp � equivalent plastic

strain rate.
Steel is assumed as rate-independent metal, which leads to yield criterion:

q = Y (3.39)

where: Y � yield stress.
The model assumes isotropic hardening. This means that yield surface changes size

uniformly such that the yield stress increases in all stress directions as plastic straining
occurs. In general case the hardening rule can be expressed as:

f (q, κi) = 0 (3.40)

where: κi � hardening parameter.

3.3.4 Rust model

Rust is modelled as an interface between steel and concrete, whose response is de�ned
in terms of traction versus separation. The traction-separation model assumes initially
linear elastic behavior followed by the initiation and evolution of degradation [55]. The
elastic behavior is written in terms of elasticity matrix that relates the nominal tractions
to the nominal separations across the interface [47]. The nominal traction stress vector
consists of three components: the normal component tn, and two shear components ts, tt.
The corresponding separations are denoted by δn, δs and δt. The elastic behavior can be
written as:  tn

ts
tt

 =

 Knn Kns Knt

Ksn Kss Kst

Ktn Kts Ktt


 δn
δs
δt

 (3.41)

In the simulation an uncoupled behavior between the normal and shear components
is considered, thus the o�-diagonal terms in the elasticity matrix are equal to zero. The
traction-separation is linear until reaching the damage initiation criterion. In the pre-
sented models the maximum nominal stress criterion is used:
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max

{
〈tn〉
t0n

,
ts
t0s
,
tt
t0t

}
= 1 (3.42)

where: t0n, t
0
s, t

0
t � maximum peak values of the nominal stress when the deformation is

purely normal to the interface or purely in one of the shear directions.
Damage is assumed to initiate when the maximum nominal stress ratio reaches 1, as

de�ned in eq. (3.42). The expression 〈tn〉 means that damage will occur only when normal
traction is tensile.

In the corrosion simulations the 〈tn〉
t0n

is de�ned formally, but practically in favorable
circumstances rust can grow constantly with no limit. Since the rust is produced con-
stantly and there is no correlation between normal and shear tractions, there is no limit
to normal traction tn. Thus the value t

0
n can be assumed as a high number. Apart from

this another reason for neglecting the normal tractions is that the rust layer is assumed
to get damaged due to shear tractions.

After reaching the peak value a softening behavior in the traction-separation relation
is considered. It is introduced by damage variable D, which represents the overall damage
in corrosion products and captures the combined e�ects of all active mechanisms. The
traction components are a�ected by damage according to the following relations:

tn =

{
(1−D) · t̂n for tension
t̂n for compression

ts = (1−D) · t̂s
tt = (1−D) · t̂t

(3.43)

where: t̂n, t̂s, t̂t � traction components predicted by the elastic relation for the current
strains without damage. The damage evolution is described in terms of e�ective separa-
tions:

D =
δfm (δmaxm − δ0

m)

δmaxm

(
δfm − δ0

m

) (3.44)

where: δfm � e�ective separation at complete failure, δ0
m � e�ective separation at damage

initiation and δmaxm � maximum value of e�ective separation attained during the loading
history. The softening behavior is presented in Fig. 3.9.

The e�ective separations are de�ned as:

δm =
√
〈δn〉2 + δ2

s + δ2
t (3.45)

The mechanical properties of rust are hard to be determined. It is common to assume
that rust behaves like water with bulk modulus Kr and Poisson's ratio νr equal to 2 GPa
and 0.49, respectively [3, 34]. There were attempts to test rust specimens, cf. [3], but
in the model the rust is represented by incompressible material with Kr=2 GPa and
corrosion is assumed to be uniformly distributed along the reinforcement [17].



3.4. EXPLICIT AND IMPLICIT TIME INTEGRATION METHOD 49

Figure 3.9: Linear softening in traction-separation description [47]

3.4 Explicit and implicit time integration method

All the calculations of mechanical aspects of corrosion are performed using Abaqus pack-
age, an application based on Finite Element Method, using two available solvers - Abaqus/Standard
(A/S) and Abaqus/Explicit (A/E). A/S is a solver using implicit time integration based
on the Newton-Raphson method, while A/E uses explicit time integration based on the
central di�erence method. The two algorithms are brie�y confronted below on the basis
of [7, 11,47].

3.4.1 Explicit time integration method

The explicit time integration method is developed from central di�erence formulas for
velocities and accelerations appearing in the equations of motion. The time of simulation
is divided into time steps ∆ti (i is a number of current time step). An algorithm presented
below is built with a variable time step, which is the outcome of the change of stable time
step and the wave speed during the calculations. The equation of motion at the end of
time step ∆ti can be expressed as:

Mai = f i = fext(d
i, ti)− fint(d

i, ti) (3.46)

where: M � lumped mass matrix, ai � vector of nodal accelerations, fext(d
i, ti) � external

nodal forces, fint(d
i, ti) � internal nodal forces, di � vector of nodal displacements and f i

� vector of out-of-balance nodal forces.
By means of the central di�erence method, the nodal velocities can be expressed as:

vi+1/2 = ḋi+1/2 =
di+1 − di

ti+1 − ti
=

1

∆ti+1/2

(
di+1 − di

)
(3.47)

Equation (3.47) can be converted into an integration formula to calculate nodal dis-
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placements:
di+1 = di + ∆ti+1/2ḋi+1/2 (3.48)

In a similar way, the di�erence and integration formulas for nodal accelerations can
be written:

ai = d̈i =
ḋi+1/2 − ḋi−1/2

ti+1/2 − ti−1/2
=

1

∆ti

(
ḋi+1/2 − ḋi−1/2

)
(3.49)

ḋi+1/2 = ḋi−1/2 + ∆tid̈i (3.50)

The velocities are de�ned in eq. (3.50) at the midpoints of the time intervals ∆ti+1/2,
which is a consequence of using the variable time step. Considering eqs. (3.48) and (3.50)
the displacements can be expressed through accelerations. Thus, substituting eq. (3.46),
for every time step ∆ti the expression for the velocity in eq. (3.50) can be rearranged into:

ḋi+1/2 = ḋi−1/2 + ∆tiM−1f i (3.51)

At any time ti the nodal displacements di and nodal external forces f iext are known,
the nodal forces f iint can be calculated using geometric and constitutive equations. The
mass matrix is time-independent. Thus, the right-hand side of eq. (3.51) can easily be
determined and ḋi+1/2 can be substituted into eq. (3.48) to calculate displacements at
time ti+1.

Due to the fact that the adopted lumped mass matrix is diagonal, the update of nodal
velocities and displacements does not require solving any equations. This is the most
important advantage of the explicit method.

The main disadvantage of the explicit integration is the conditional stability of the
method. The time step cannot exceed a critical value ∆tcrit given by the Courant stability
limit:

∆tcrit =
2

ωmax
(3.52)

where ωmax is the highest frequency of the linearized system. This limit is valid only
for systems with no damping. The introduction of damping results in a reduction of the
critical time step. For practical application the stable time step can be expressed as:

∆t = α∆tcrit ≤ min
e

le
ce

(3.53)

where le is the characteristic size of element e, ce is the current wave speed in element e
and α is a reduction factor with values within the range 0.8 ≤ α ≤ 0.98 [7].

The critical time step decreases with both mesh re�nement and increasing sti�ness of
the material. The time step for a mesh is obtained from time steps calculated for each
element, i.e. the minimum element time step is chosen for the mesh time step. The cost
of an explicit simulation depends only on the complexity of the model and the number of
time steps.
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Apart from satisfying condition (3.53), also the energy balance must be checked, cf. [7].
The energy balance allows one to detect instabilities, caused by a nonlinear model, that
can lead to overprediction of displacements, despite ensuring that the time step remains
stable. Therefore, when performing nonlinear calculations the energy balance must be
checked according to:

|Wkin +Wint −Wext| ≤ ε max(Wkin,Wint,Wext) (3.54)

where Wkin, Wint, Wext � kinetic, internal and external energies, ε is a small tolerance (of
the order of 10−2).

Moreover, the explicit simulations can be performed for quasi-static calculations. To
ensure that the process remains quasi-static and the inertia forces are negligible it is
necessary to check if the kinetic energy of the model does not exceed the value of 5% of
the internal energy.

The �owchart for the explicit method is presented in Fig. 3.10, where σ is the stress
tensor, [15].

3.4.2 Implicit time integration method

The implicit time integration scheme is mostly based on Newton's method. For static
problems the accelerations in eq. (3.46) are neglected, which, at time ti+1, leads to the
general expression:

ri+1(di+1) = −f i+1 = fint(d
i+1, ti+1)− fext(d

i+1, ti+1) (3.55)

where ri+1 is a residual.
The non-zero residuals correspond to out-of-balance forces, so the appropriate limit

value for equilibrium solution is ri+1 = 0. For rate-independent materials t is not neces-
sarily the real time. It can be replaced by any monotonically increasing parameter.

Newton's method assumes that the nodal displacements at time ti+1 are a sum of
approximated values dk and ∆d which is the di�erence between dk and the exact solution
(k is iteration number):

di+1 = dk + ∆d (3.56)

The left-hand side of eq. (3.55) can be expanded in a Taylor series about the current
approximate solution dk:

ri+1(dk + ∆d) = ri+1(dk) +
∂ri+1(dk)

∂d
∆d + Φ(∆d2) (3.57)

The terms that are higher order than linear in ∆d are dropped, which gives the linear
model of nonlinear equations for the static problem:

ri+1(dk) + K∆d = 0 (3.58)



52 CHAPTER 3. CALCULATION MODELS

i = 0, t = 0, initial values for σi at
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compute external
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i)

for all elements compute nodal forces f i,e =
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for all elements compute ∆tecrit, global critical
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modify di+1 for essential boundary conditions

compute external nodal forces f i+1,e
ext

for all elements compute measures of deforma-
tion and stress σi+1 by constitutive equations

for all elements compute internal forces f i+1,e
int (σi+1)

for all elements compute nodal forces

f i+1,e = f i+1,e
ext − f i+1,e

int

and assemble f i+1,e into global vector f i+1

compute accelerations
ai+1 = M−1 · f i+1

for results presentation compute velocity at integer
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Figure 3.10: Flowchart of explicit integration



3.5. FINITE ELEMENT MODEL 53

where K is the system Jacobian matrix de�ned as:

K =
∂ri+1(dk)

∂d
(3.59)

By solving the system of eqs. (3.58), the displacement increments ∆d can be obtained
and the new displacement approximation at time ti+1 is calculated according to:

dk+1 = dk + ∆d (3.60)

TheKmatrix is also called the e�ective tangent sti�ness matrix and, after substituting
eq. (3.55) into (3.59), can be expressed as:

K =
∂f i+1
int

∂d
− ∂f i+1

ext

∂d
= Kint −Kext (3.61)

whereKint � tangent sti�ness matrix,Kext � load sti�ness matrix, present only for follower
loads, cf. [7].

The new displacements dk+1 are checked for convergence. If the convergence criterion
is not met, a new linear model is built and the process is repeated for the same time
increment. There are three convergence criteria � based on the magnitude of residual
r, based on the magnitude of the displacement increments ∆d and the energy error
criterion [7].

The main advantage of the Newton's method is its quadratic convergence rate when
the approximation in iteration k is within the radius of convergence. However, the method
is computationally expensive, because the Jacobian matrix needs to be calculated and the
problem (3.58) solved in each iteration.

The �owchart for the implicit method is presented in Fig. 3.11, [15].

3.5 Finite element model

FE models have been built using Abaqus package, with the material descriptions pre-
sented in previous sections. Both algorithms summarized in Section 3.4 are used in the
calculations of damage due to corrosion product expansion. In all simulations concrete
has been modelled as damage-plasticity material when the implicit algorithm is used and
damage-plasticity or cracking material when the explicit algorithm is employed. Steel is
modeled as elastic-plastic and rust is represented by traction-separation interface, which
opens when corrosion is active. The corrosion interface is shown in Fig. 3.12.

Corrosion products do not generate any pressure on concrete until they �ll the porous
zone between steel and concrete. This zone is formed by steel consumption in the process
and voids in the concrete. It can be found in the literature that the porous zone is
approximately 12.5 µm [20]. In 2D models presented in the thesis the initial thickness of
rust is 0.05 mm, however it is assumed that the thickness is a result of steel cross-section
loss only. The initial thickness is also applied for a more practical reason, it is useful in
mesh generation. In the 3D models the rust interface is initially 0.01 mm thick.
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Figure 3.11: Flowchart of implicit integration
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(a) (b)

Figure 3.12: Corrosion interface (a) � closed, (b) � open

The rust expansion is applied as substitute temperature increase, assuming uniformly
distributed corrosion. This substitute temperature increase has no physical meaning and
should be interpreted only as a numerical trick which allows one to model the increase
of the rust layer volume, and can be related to material parameters such as bonding
strength. In the thesis the substitute temperature (or volume expansion parameter) is
interpreted as corrosion level. The corrosion level Lcorr is understood as loss of weight
related to initial weight of rebar, according to expression [13]:

Lcorr =
G0 −G
ρs A · l

(3.62)

where: G0 � initial mass of rebar, G � mass of rebar after corrosion, A � rebar's cross-
section area, l � embedment length

A two-dimensional con�guration for an RC cross-section analysis is presented in Fig. 3.13.
The cross-section has the dimensions 350 x 600 mm, however due to symmetry of the
model only half of the con�guration is analyzed. The cross-section is reinforced with four
25 mm-diameter bars. The bar spacing is 75 mm. The simulation is performed for two
concrete covers � 30 mm and 50 mm [17].

The cross-section is supported at the top edge and along the right edge (symmetry
axis). The interface and surrounding continuum elements are connected using tie con-
straints. The calculations are performed for three mesh densities. For the implicit analysis
the mesh is composed in two versions: for 30 mm cover concrete and steel are represented
by 4-node plane strain elements and for 50 mm cover by 8-node plane strain elements.
For the explicit analysis the mesh is composed of 4-node plane strain elements for both
sizes of cover. Rust interface is modelled with 4-node cohesive elements in both implicit
and explicit schemes.

The 2D analysis allows one to observe damage of RC cross-section only due to cracking
of the concrete around the rebar. To simulate the in�uence of corrosion on bonding
strength, a 3D analysis needs to be performed.
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Figure 3.13: Two-dimensional FE model for RC cross-section (coarse mesh)

Due to the fact that rust interface properties, apart from Kr and νr, depend on the
corrosion level, a single rebar test needs to be performed to calibrate the model parameters.
Hence a pullout test is simulated using the 3D con�guration presented in Fig. 3.14 [14].
Since double symmetry is noticed, only a quarter of the sample is analyzed.

The simulation is referred to an experiment which has originally been performed by Al
Sulaimani et al. [1]. The simulation model assumes 150 x 150 x 40 mm concrete block and
10 mm diameter steel bar placed in the center of the cross-section. The three-dimensional
analysis is performed using 8-node solid elements modelling concrete and steel and 8-node
cohesive elements modelling the rust layer as interface. However, the rust bond strength
and shear sti�ness depend on the corrosion level.

Finally, a 3D model for a beam subjected to 3-point bending and corrosion is analyzed,
to observe both cracking and bond reduction induced by corrosion and external loading.
The 3D model con�guration for the beam simulations is presented in Fig. 3.15.

Since the analysis is performed as three-dimensional, the mesh is coarse. What is
more, the beam analysis is performed for a quarter of a beam, since double symmetry
holds. The mesh is composed of linear brick elements, representing concrete and steel,
and 8-node cohesive elements representing the rust interface. The parts are connected
using tie constraints. The material models used in the beam simulation are the same as in
the pullout analysis, however rust is modelled using the parameters obtained as a result
of the pullout calculation.

The model has been prepared in accordance with the experiment performed in [18].
The beam is 5 m long and the cross-section dimensions are 200 x 500 mm. Due to the
initial thickness of the interface the steel bars diameters are 31.98 mm and 7.98 mm instead
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Figure 3.14: Single rebar model � quarter of the sample

Figure 3.15: Beam model � quarter of the beam
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of 32 mm and 8 mm, for bottom and top reinforcements, respectively. The concrete cover
is 20 mm. The rust interface properties have been obtained from a single rebar pullout
test model, discussed previously and in [14]. The simulation is performed for the beam
without transverse steel reinforcement.



Chapter 4

Corrosion initiation results

4.1 Chlorides concentration analysis

According to the numerical procedure presented in Section 3.2, the chloride and oxygen
concentrations are calculated. Concrete is assumed to be uncracked, thus the in�ow
of detrimental substances is described by eq. (2.9), considering chlorides di�usion and
migration. The dimensions of the considered beam cross-section are 350 mm x 600 mm
and it is reinforced with four 25 mm diameter bars. The concrete cover is assumed in two
variants � 30 mm or 50 mm. The calculations are made with the grid dimension ∆x =
0.01 m and time step ∆t = 1 day.

The model of chloride in�ow is confronted with the experimental results available in the
literature. First with the data published by Thomas and Bamforth [50], and secondly with
results presented by Sandberg [46]. The material parameters and boundary conditions
used in simulations of those experiments are presented in Table 4.1. The parameters in
Table 4.1 are the result of a calibration process aiming to achieve the best compatibility
with the experiment. Hence the di�usion coe�cient values and boundary concentrations
are slightly di�erent than in [50] or [46].

The total chloride concentrations calculated with the di�usion-migration model and
referred to the experimental data presented in [50] are shown in Fig. 4.1. Additionally,
in Fig. 4.1, the results are compared with concentrations simulated using the di�usion
model. The concentration is expressed as a percentage of concrete mass, as it was in the
referred paper [50]. It is assumed that the chloride threshold is 0.5% of mass of concrete.
The simulation has been performed using the data for OPC.

The results representing chloride concentrations after 1, 2 and 3 years show that the
di�usion-migration model is more accurate, when compared to the experiment. Although
initially there is a very slight di�erence between the models considering the two driving
forces and di�usion only, the gap between those two simulations increases in time. Finally,
after 6 years and more of concrete exposure to chlorides, the discrepancy between the two
simulations is larger and it seems that the experimental results can be simulated better
by Fick's law (Fig. 4.2). The model considering the di�usion and migration processes

59
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(a)

(b)

(c)

Figure 4.1: Chloride concentrations calculated with models of di�usion-migration and di�usion

itself referred to experimental data [50]. Concentrations after: (a) � 1 year, (b) � 2 years, (c) �

3 years
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Table 4.1: Material data used in simulation

Simulation of Thomas & Bamforth [50] experiment (mass of concrete = 2400 kg/m3)

Age Dcl [x 10−12m/s2] Boundary conc. [% mass of concrete]
6 months 9.4 0.36
1 year 3.1 0.72
2 years 8.5 0.39
3 years 7.1 0.46
6 years 10.0 0.30
8 years 15.0 0.30

Simulation of Sandberg [46] experiment (5.1 years, mass of cement = 420 kg/m3 )

w/c Dcl [x 10−12m/s2] Boundary conc. [% mass of cement]
0.4 4.5 5.5
0.5 4.7 7.0

is in agreement with the experimental results for early years of exposure. However, one
must notice that, according to the experiment, the chlorides concentration exceeds the
threshold along almost 50 mm of concrete depth after only 2 years of concrete exposure,
which is quite fast. During this time the results obtained with the di�usion-migration
model are nearly identical to the experiment presented in [50]. The di�erence between
the two models becomes signi�cant in time when concrete is already highly saturated
with chlorides. Thus, in the most important aspect of the chloride concentration analysis,
which seems to be the time needed to reach the threshold value (i.e. the time to rebar
depassivation), the proposed model, considering di�usion and migration, gives accurate
results.

In the simulation the material behavior has been modelled only by the di�usion co-
e�cient. What is more, the di�usion coe�cient is constant during the calculations as
concrete aging is neglected. Unfortunately, there is no unique value of the di�usion co-
e�cient for concrete used in the experiment presented in [50]. Although in [50] it is
mentioned that the di�usion coe�cient can be estimated from eq. (2.8), it seems that
experimental values do not follow the expression proposed in that paper. Taking this
into account, it cannot be stated that the simulation presented in the thesis predicts the
future concentration in the time scale of for instance 30 years. It shows only the ability
to reproduce the experimental results.

The chloride concentration simulation has also been confronted with the experimental
results published in [46]. The concentration is expressed as a percentage of cement mass.
The simulation has been performed using the the data for sulfate resisting Portland cement
with water-to-cement ratio equal to 0.4 or 0.5. The results of simulation are presented in
Fig. 4.3.
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Figure 4.2: Chloride concentrations calculated with models of di�usion-migration and
di�usion itself after 6 years of exposure and referred to experimental data [50]

It can be noticed that the chloride concentration calculated using eq. (2.9) is in good
accordance with the experimental results. For comparison the concentration calculated
with Fick's law is presented. The di�erence between the two models is visible, and it
is easy to notice that the model considering only di�usion does not entirely capture the
character of the chloride �ux. The material behavior is governed by the di�usion coe�-
cient and there is no other parameter representing concrete composition. The di�erence
in w/c ratio is not included in the model. The di�usion coe�cient used in the calcula-
tions is time independent. The results presented in Fig. 4.3 are calculated for 5.1 years of
exposure to chlorides, however the di�usion coe�cient used in calculations is equal to the
one published as the coe�cient for 0.5 year of exposure [46]. This suggests that know-
ing the almost initial value of di�usion coe�cient it is possible to predict concentration
after 5.1 years. Unfortunately, the boundary concentration remains the problem. The
boundary concentrations used in the calculations are much higher than the ones reported
in [46]. Additionally, in Fig. 4.3(b) it can be noticed that in the experiment the boundary
value is smaller than the concentration at 5 mm depth. Hence the concentration at the
concrete surface should not be treated as a boundary condition. To establish the bound-
ary condition for chlorides at least one experimental pro�le should be available. The
model described by eq. (2.9) gives reliable results that are in accordance with experiment
however the simulation needs to be preceded with experiment to calibrate the model in-
put parameters. Nevertheless, it is possible to obtain the chloride pro�le after 5.1 years,
knowing the data of the experiment after 0.5 year of exposure.

It has been assumed that the binding relation is expressed by Freundlich isotherm, c.f.
eq. (2.4). The relation diagram is presented in Fig. 4.4.
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(a)

(b)

Figure 4.3: Chloride concentrations calculated after 5.1 years with di�usion-migration
and di�usion models, referred to experimental data [46] for SRPC concrete with: (a) �
w/c= 0.4, (b) � w/c=0.5
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Figure 4.4: Freundlich binding relation

In addition to the simulations of two the experiments, some parametric study has
been performed. The calculations of chloride concentration and initiation time have been
performed for two di�erent concrete covers � 30 mm and 50 mm. Since there is no
universal value of chloride di�usion coe�cient, the calculations have been performed for
three di�erent values � 2.5, 5.0, 10.0×10−12 m/s2. The other parameters of concrete used
in the calculations are presented in Table 4.2.

The chloride concentration after 3, 6 and 12 years is presented in Fig. 4.5. Three
lines represent the concentrations calculated with three di�erent di�usion coe�cients.
The chloride threshold value is assumed to be 0.4% of cement mass and is marked with
the dotted horizontal line. It can be seen in Fig. 4.5 that as time passes the di�erence
between the lines representing Dcl = 5.0 × 10−12 m/s2 and Dcl = 10.0 × 10−12 m/s2

decreases. Figure 4.6(a) presents the results after 24 years, and it can be clearly noticed
that the di�erence between Dcl = 5.0× 10−12 m/s2 and Dcl = 10.0× 10−12 m/s2 is nearly
negligible, while it remains signi�cant in the case of lines Dcl = 2.5 × 10−12 m/s2 and
Dcl = 5.0× 10−12 m/s2. The explanation is that high di�usion coe�cient quickly leads to
high chlorides concentration at reinforcement level (i.e. along the whole cover), however
as concrete gets saturated with chlorides the �ux rate decreases and concentration does
not increase considerably.

Figure 4.6(b) presents concentrations after 24 years calculated with di�erent boundary
conditions and Dcl = 2.5× 10−12 m/s2. The results show that even a very high boundary
concentration (Cb = 8% cement mass) does not cause high increase of the concentration
at the reinforcement level. Although higher boundary concentration causes the higher
chlorides concentration at the reinforcement depth, the boundary value seems to be of
secondary importance. What is more, the boundary concentration is an environmentally
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(a)

(b)

(c)

Figure 4.5: Chloride concentrations simulated with di�usion-migration model. Concen-
trations after: (a) � 3 years, (b) � 6 years, (c) � 12 years
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(a)

(b)

Figure 4.6: Chloride concentration simulated with di�usion-migration model after 24
years: (a) � di�erent di�usion coe�cients, (b) � di�erent chloride boundary concentration



4.1. CHLORIDES CONCENTRATION ANALYSIS 67

Table 4.2: Material data used in parametric study

Chloride transport
Parameter Value

Dcl [×10−12 m/s2] 2.5; 5.0; 10.0
Cement content [kg/m3] 288

Boundary conc. [% mass of cement] 2.0; 4.0; 8.0
Binding parameters α = 0.82; β = 0.5

z 1

Oxygen transport
Parameter Value

Dox [×10−12 m/s2] 1
Initial conc. [×10−3 kg/m3] 5.0

Boundary conc. [×10−3 kg/m3] 8.576

de�ned parameter, which cannot be freely assumed.
The initiation time is assumed as the time when the chloride concentration at the

reinforcement level reaches the chloride threshold value. Table 4.3 presents the initiation
time (in days) calculated for 30 mm and 50 mm covers with varying di�usion coe�cient,
boundary conditions and threshold value. The results are also presented in Figs. 4.7, 4.8
and 4.9, where a nonlinear relationship between the initiation time and the aforementioned
parameters can be observed.

Figure 4.7 presents the diagram of the di�usion coe�cient vs. the initiation time.
The relation is nonlinear and the decrease of the di�usion coe�cient is rapid in the case
of 30 mm cover, while in the case of 50 mm the slope of the diagram is smaller. The
range of initiation time available for 50 mm cover is much wider than for 30 mm, which
allows for more �exibility when the concrete mixture is composed. The 30 mm cover
assumption results in short initiation time. Increasing the concrete cover to 50 mm leads
to a signi�cant extension of the initiation time. For the 50 mm cover the initiation
time calculated using Dcl = 10.0 × 10−12 m/s2 is only 378 days shorter than for 30 mm
cover and calculated using Dcl = 2.5 × 10−12 m/s2. This leads to the conclusion that
the most signi�cant parameter governing the problem of chloride transport is the depth
of the concrete cover. Although the di�usion coe�cient is an important parameter, yet
improving the concrete di�usivity cannot extend the initiation time so signi�cantly as
increasing the concrete cover depth can. Expanding the cover from 30 mm to 50 mm
results in time extension from 527 to 1749 days for Dcl = 10.0 × 10−12 m/s2 and from
2127 to 7036 days for Dcl = 2.5× 10−12 m/s2.

This observation seems to be con�rmed when the dependency of initiation time on the
boundary concentration is analyzed. Figure 4.8 presents the nonlinear relation between
the boundary concentration and the initiation time for the 30 mm and 50 mm covers. The
computations proceed with Dcl = 2.5× 10−12 m/s2. It can be noticed that the lower the
boundary concentration, the longer the initiation time. The diagram slope is very strong
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Table 4.3: Dependence of chloride initiation time on di�usion coe�cient, boundary con-
ditions and chloride threshold

Di�usion coe�cient Initiation time [days]
×10−12 m/s2 30 mm cover 50 mm cover

2.5 2127 7036
3.75 1415 4686
5.0 1060 3510
7.5 705 2337
10.0 527 1749

Boundary concentration Initiation time [days]
(% mass of cement) 30 mm cover 50 mm cover

2 2127 7036
3 1470 4666
4 1187 3721
6 920 2866
8 786 2451

Chloride threshold Initiation time [days]
(% mass of cement) 30 mm cover 50 mm cover

0.20 650 1924
0.25 739 2227
0.30 836 2576
0.35 942 2993
0.40 1060 3510
0.45 1194 4189

Figure 4.7: Relationship between initiation time and di�usion coe�cient
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Figure 4.8: Relationship between initiation time and chloride boundary concentration

for 30 mm cover, while the decay is more gradual for 50 mm. Again, the range of initiation
times is wider for 50 mm than for 30 mm cover. This could matter when the environmental
conditions (i.e. boundary concentration) change. However, a more interesting conclusion
is that the initiation time calculated with low boundary concentration and 30 mm cover
is even shorter than the initiation time calculated with Cb = 8% cement mass and 50 mm
cover. The increase of the cover results in time extension from 786 to 2451 days for
Cb = 8% and from 2127 to 7036 days for Cb = 2%. Thus, taking into account the
boundary concentration it seems to be necessary to assume the concrete cover at least
50 mm thick.

Figure 4.9 presents the chloride threshold level vs. the initiation time diagram for
the 30 mm and 50 mm concrete covers. The calculations are performed with Dcl =
5.0×10−12 m/s2 and Cb = 2%. Again the relationship is nonlinear. Obviously, the higher
the chloride threshold, the longer the initiation time. However, there is a huge di�erence
when the results for 30 mm and 50 mm cover are compared. When the dependence of the
initiation time on the threshold value is analyzed, the need to increase the cover depth
is even more visible than in the previous cases. For the 50 mm cover the initiation time
calculated with a very restricted threshold level 0.20% is 730 days longer than for 30 mm
cover and a very liberal threshold value of 0.45%. Again, it is clearly visible that the
concrete cover depth should not be smaller than 50 mm.
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Figure 4.9: Relationship between initiation time and chloride threshold level

4.2 Oxygen concentration and corrosion macrocell anal-

ysis

Simultaneously with chlorides, oxygen penetrates the concrete cover. Since oxygen oc-
curs as a particle, the concentration in concrete can be calculated using Fick's law, see
eq. (2.14). Oxygen concentration distributions for selected time moments are shown in
Fig. 4.10. The oxygen concentration is important as it limits the cathodic reaction. It
is assumed that all oxygen available in the cross-section is consumed in the reaction. To
simplify the model, the dependence of oxygen di�usivity on moisture content is neglected.

As the chloride concentration reaches the chloride threshold value the corrosion macro-
cell is generated. The passive layer is decomposed and the rebar becomes electric conduc-
tor. The distribution of the electric potential generated during the polarization process
is presented in Fig. 4.11. It shows the distribution of the electrical potential between
cathode (C) and anode (A). The values of the electrical potential calculated at the anode
and cathode are similar to those obtained by other researchers [37], although there is a
di�erence in the diagram character, which was assumed in the thesis as linear. The change
of electrical potential in time is visible in the �rst days after depasivation, however within
one month it stabilizes.

A similar behavior is visible in Fig. 4.12, presenting the corrosion current density
occurring once the rebar's passive layer is broken. The horizontal axis is in logarithmic
scale, which allows one to observe the initial change of the current density. After one
week from depassivation the current density stabilizes at the level of 3.0× 10−3 A/m2.

The depassivation of steel reinforcement indicates the end of the corrosion initiation
phase and the beginning of the corrosion propagation phase. Due to the �ow of the
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Figure 4.10: Dependence of oxygen concentration on concrete cover

Figure 4.11: Electrical potential distribution along rebar
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Figure 4.12: Corrosion current versus time

corrosion current rust is produced, generating stresses in concrete. The stress analysis is
presented in the following chapter.



Chapter 5

Propagation results

5.1 Cross-section analysis

According to model con�guration presented in Chapter 3.5 the calculations of damage due
to corrosion product expansion are performed. The material data used in the analysis
are placed in Tables 5.1 and 5.2. Calculations are performed using two values of dilation
angle: 5 and 25 degrees. Please notice that the boundary conditions on the right impose
symmetry.

The results obtained for the RC cross-section with 30 mm concrete cover using im-
plicit simulations are presented in Figs. 5.1-5.12. The results presented consider simula-
tions with three densities of meshes composed of linear quadrilateral elements. Figure 5.1
shows maximum principal strain (max-in-plane strain in Abaqus terminology) distribu-
tions calculated for the RC cross-section with concrete dilation angle 5°, while Fig. 5.2
presents the results of simulation with angle 25°. The strain distributions indicate the
zones of damage of concrete, which can be interpreted as cracks. The calculated cracking
is at the initial stage and computations diverge prematurely, however the increase of di-
lation angle results in more advanced cracking. These analysis results seem inconclusive
for the cracking progress considerations. The implicit analysis breaks down due to not
satisfying the force equilibrium requirement. Despite changing the algorithm parameters

Table 5.1: Material parameters

Concrete Steel
Parameter Value Parameter Value
E [GPa] 31 E [GPa] 210
ν [-] 0.2 ν [-] 0.3

Dilation angle ψ [°] 5; 25
Comp. yield stress fc [MPa] 25
Tens. yield stress ft [MPa] 1.8
Fracture energy Gf [-] 0.1

73
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Table 5.2: Rust interface parameters

Parameter Value
E [MPa] 12
ν [-] 0.49

(a) (b) (c)

Figure 5.1: Distribution of max-in-plane strain � Implicit analysis, damage-plasticity
model, 30 mm concrete cover and dilation angle 5°: (a) � coarse mesh, (b) � medium
mesh, (c) � dense mesh

the simulation aborts at the initial stage and it is not possible to reproduce more advanced
stage of cracking.

The size and shape of damage zones are unfortunately mesh-dependent, which would
call for some form of regularization. Hence the viscosity parameter µ = 0.0001 has been
introduced into the model. The results of simulations performed with di�erent mesh
densities, concrete dilation angle 25° and µ = 0.0001 are presented in Fig. 5.3

The viscosity parameter used in the concrete constitutive model allows one to ob-
serve the cracking evolution. First, a crack between rebars is formed, which can be
observed in Figs. 5.3(a), 5.3(d), 5.3(g). As the calculations proceed, the cracking evolves
towards the state presented in Figs. 5.3(b), 5.3(e), 5.3(h). At the �nal stage of analysis,
the crack is formed not only between rebars, but also through the concrete cover, see

(a) (b) (c)

Figure 5.2: Distribution of max-in-plane strain � Implicit analysis, damage-plasticity
model, 30 mm concrete cover and dilation angle 25°: (a) � coarse mesh, (b) � medium
mesh, (c) � dense mesh
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.3: Distribution of max-in-plane strain � Implicit analysis, damage-plasticity
model, 30 mm concrete cover, ψ=25, µ=0.0001. Coarse mesh: (a) � initial cracking, (b)
� crack propagation, (c) � �nal stage of cracking, medium mesh: (d) � initial cracking,
(e) � crack propagation, (f) � �nal stage of cracking, dense mesh: (g) � initial cracking,
(h) � crack propagation, (i) � �nal stage of cracking
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(a) (b) (c)

Figure 5.4: Distribution of PEEQT � Implicit analysis, damage-plasticity model, 30 mm
concrete cover and dilation angle 5°: (a) � coarse mesh, (b) � medium mesh, (c) � dense
mesh

(a) (b) (c)

Figure 5.5: Distribution of PEEQT � Implicit analysis, damage-plasticity model, 30 mm
concrete cover and dilation angle 25°: (a) � coarse mesh, (b) � medium mesh, (c) � dense
mesh

Figs. 5.3(c), 5.3(f), 5.3(i). Analyzing the cross-section at the macroscale, the important
point of the observation is that the �rst crack is formed between rebars, while the cover is
uncracked. Also the cracking pattern is very similar despite the change of mesh density. It
suggests that bonding between concrete and steel can be impaired before cracks reveal on
the surface of concrete. This may be important when the structural element is subjected
to service load. A similar pattern of cracking can also be observed in papers [19,20,52].

During the analysis, the PEEQT parameter, which is the tensile plastic equivalent
strain, has also been monitored. The results, presented in Figs. 5.4 � 5.6 con�rm the
observation that plastic strains appear �rst between rebars and later cross the concrete
cover.

Figures 5.7 � 5.9 present the Huber-Mises stress for the implicit analysis, which is
a good representative of distortions in the material. In Figs. 5.9(c), 5.9(f), 5.9(i) it is
visible that at the places where cracks appear stress relaxation occurs, while redistributed
stresses appear in the surrounding concrete.

At the points where maximum strain occurs tensile stress component σnn is calculated
(n is a local direction normal to the crack). Figures 5.10 � 5.12 present the simulated
relations stress σnn vs. crack mouth opening displacement (CMOD). In the analysis
the steel loss is calculated to be 20 µm. According to [2] such loss causes in a cross-
section with the concrete cover 30 mm a visible crack with a width below 0.5 mm. The
comparison of the simulation results and experiment performed by Andrade et at. [2]
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.6: Distribution of PEEQT � Implicit analysis, damage-plasticity model, 30 mm
concrete cover, ψ = 25, µ = 0.0001. Coarse mesh: (a) � initial cracking, (b) � crack
propagation, (c) � �nal stage of cracking, medium mesh: (d) � initial cracking, (e) � crack
propagation, (f) � �nal stage of cracking, dense mesh: (g) � initial cracking, (h) � crack
propagation, (i) � �nal stage of cracking

(a) (b) (c)

Figure 5.7: Distribution of Huber-Mises stress � Implicit analysis, damage-plasticity
model, 30 mm concrete cover and dilation angle 5°: (a) � coarse mesh, (b) � medium
mesh, (c) � dense mesh
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(a) (b) (c)

Figure 5.8: Distribution of Huber-Mises stress � Implicit analysis, damage-plasticity
model, 30 mm concrete cover and dilation angle 25°: (a) � coarse mesh, (b) � medium
mesh, (c) � dense mesh

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.9: Distribution of Huber-Mises stress � Implicit analysis, damage-plasticity
model, 30 mm concrete cover, ψ = 25, µ = 0.0001. Coarse mesh: (a) � initial crack-
ing, (b) � crack propagation, (c) � �nal stage of cracking, medium mesh: (d) � initial
cracking, (e) � crack propagation, (f) � �nal stage of cracking, dense mesh: (g) � initial
cracking, (h) � crack propagation, (i) � �nal stage of cracking
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Figure 5.10: Stress σnn vs. CMOD relations at marked points (cf. Fig. 5.3(c)) for RC
cross-section analysis with 30 mm cover and coarse mesh

revealed good correlation. It can be observed that at points on the concrete surface the
simulated crack width is generally below 0.5 mm, yet not negligible. On the other hand
horizontal cracks between rebars are even wider than 1 mm. What is more, in Figs. 5.10
� 5.12 it can be observed that at all nodes, the material exhibits strain softening after
reaching the tensile strength. However, one can notice that after stress redistribution a
stress hardening occurs. The explanation of this e�ect can be that the material response
observed in Figs. 5.10 � 5.12 is monitored locally at nodes. Since the stress redistribution
(visible in Fig. 5.9) occurs, the nodal response also changes as CMOD increases. The
presented diagrams respond to the analysis performed with µ=0.0001. It seems to be
pointless to present similar diagrams for the calculations with µ=0, since they diverge at
the early stage of cracking and no softening can be observed.

For the cross-section analysis it is hard to determine the global measures that could be
depicted in a diagram. Admittedly, the pressure load increment could be monitored on the
vertical axis, however there does not seem to be one global measure of the cross-section
response that could be depicted on the horizontal axis.

For comparison a similar analysis has been performed for a cross-section with the
concrete cover of 50 mm. The results of this analysis are presented in Figs. 5.13 � 5.24.
The simulation has been performed with concrete dilation angle 5 or 25° and three densities
of meshes composed of quadratic quadrilateral elements.

Figures 5.13 � 5.15 present the distributions of maximum principal strains computed
with dilation angle 5°or 25°, and viscous parameter 0 or 0.0001. Additionally, in Fig. 5.15
the crack evolution can be observed. The distribution shows that the damage of concrete
will take the form of cracking between the rebars. Increasing the cover from 30 mm
to 50 mm successfully prevents concrete from cracking through the cover. Although
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Figure 5.11: Stress σnn vs. CMOD relations at marked points (cf. Fig. 5.3(f)) for RC
cross-section analysis with 30 mm cover and medium mesh

Figure 5.12: Stress σnn vs. CMOD relations at marked points (cf. Fig. 5.3(i)) for RC
cross-section analysis with 30 mm cover and dense mesh
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(a) (b) (c)

Figure 5.13: Distribution of max-in-plane strain � Implicit analysis, damage-plasticity
model, 50 mm concrete cover and dilation angle 5°: (a) � coarse mesh, (b) � medium
mesh, (c) � dense mesh

(a) (b) (c)

Figure 5.14: Distribution of max-in-plane strain � Implicit analysis, damage-plasticity
model, 50 mm concrete cover and dilation angle 25°: (a) � coarse mesh, (b) � medium
mesh, (c) � dense mesh

horizontal cracks between rebars can cause a loss in steel con�nement, the cover remains
sound and protects reinforcement from a quick in�ow of detrimental substances. In the
literature one can �nd c/d ratio which is cover thickness to rebar diameter ratio. In the
�rst simulation c/d is equal to 1.2, after increasing the cover thickness to 50 mm, the
c/d ratio reaches the value 2, which seems to be enough to disable cover cracking. One
could check numerically whether other size of cover thickness is enough. The normalized
thickness c/d together with the concrete tensile strength are the two principal parameters
of the mechanical problem of corrosion, cf. [42].

Once again the PEEQT parameter has been monitored, and its distribution is pre-
sented in Figs. 5.16 � 5.18. The results con�rm the observation that the major crack is
formed between rebars, while the cover is uncracked.

Figures 5.19 � 5.21 present the Huber-Mises stress for the simulation of the cross-
section with 50 mm cover at the initial and �nal stages of cracking. The stress relaxation
is visible in Figs. 5.21(c), 5.21(f), 5.21(i).

Figures 5.22 � 5.24 present σnn vs. CMOD diagram for points with maximum strains
calculated, cf. Figs. 5.18(c), 5.18(f) and 5.18(i).

The maximum calculated crack mouth opening displacement values are around 1.5 mm,
however the cracks are horizontal and not visible at the concrete surface. Nevertheless
concrete becomes discontinuous. It must be emphasized that cracks formed between re-
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.15: Distribution of max-in-plane strain � Implicit analysis, damage-plasticity
model, 50 mm concrete cover, ψ = 25, µ = 0.0001. Coarse mesh: (a) � initial cracking,
(b) � crack propagation, (c) � �nal stage of cracking, medium mesh: (d) � initial cracking,
(e) � crack propagation, (f) � �nal stage of cracking, dense mesh: (g) � initial cracking,
(h) � crack propagation, (i) � �nal stage of cracking

(a) (b) (c)

Figure 5.16: Distribution of PEEQT � Implicit analysis, damage-plasticity model, 50 mm
concrete cover and dilation angle 5°: (a) � coarse mesh, (b) � medium mesh, (c) � dense
mesh
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(a) (b) (c)

Figure 5.17: Distribution of PEEQT � Implicit analysis, damage-plasticity model, 50 mm
concrete cover and dilation angle 25°: (a) � coarse mesh, (b) � medium mesh, (c) � dense
mesh

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.18: Distribution of PEEQT � Implicit analysis, damage-plasticity model, 50 mm
concrete cover, ψ = 25, µ = 0.0001. Coarse mesh: (a) � initial cracking, (b) � crack
propagation, (c) � �nal stage of cracking, medium mesh: (d) � initial cracking, (e) � crack
propagation, (f) � �nal stage of cracking, dense mesh: (g) � initial cracking, (h) � crack
propagation, (i) � �nal stage of cracking
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(a) (b) (c)

Figure 5.19: Distribution of Huber-Mises stress � Implicit analysis, damage-plasticity
model, 50 mm concrete cover and dilation angle 5°: (a) � coarse mesh, (b) � medium
mesh, (c) � dense mesh

(a) (b) (c)

Figure 5.20: Distribution of Huber-Mises stress � Implicit analysis, damage-plasticity
model, 50 mm concrete cover and dilation angle 25°: (a) � coarse mesh, (b) � medium
mesh, (c) � dense mesh

bars and through the cover are dangerous for structure durability when the in�ow of
detrimental substances, such as water, chlorides or sulphates is considered. To illustrate
the danger let it be noticed that size of water particle is less than 200 pm, the carbon diox-
ide molecule is less than 240 pm, the hydrogen molecule is 75 pm and chlorine molecule is
199 pm. The crack with the width of 0.5 mm is enough for water, carbon dioxide, oxygen
or chlorides to get into the cross-section, which will result in the progress of corrosion
speeding up. The concrete cover has no longer the protective function, which can lead to
degradation of the whole structural element. It can be noticed that crack mouth open-
ing displacements of the horizontal cracks have similar values despite the di�erent cover
thickness. However, the important point is that increasing the cover thickness prevents it
from cracking, which leads to a slower destruction of the RC cross-section due to corrosion
and longer service life of the structure.

The cross-section analysis has been also performed using the explicit time integration
scheme. The explicit simulation has been performed for dense mesh with dilation angle
25°. The viscous regularization is not available in the explicit analysis. The results
obtained from explicit simulation with concrete cover 30 mm and two di�erent concrete
models are presented in Figs. 5.25 � 5.28. The results of the simulation performed with
damage-plasticity model are presented in Fig. 5.25. In Fig. 5.25(b) the initial horizontal
crack is visible. As simulation proceed the cracking pattern gets more complex form,
presented at Fig. 5.25(c). Concrete is cracked horizontally between rebars and vertically
through the cover, however Fig. 5.25(c) seems to present damage much more developed
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.21: Distribution of Huber-Mises stress � Implicit analysis, damage-plasticity
model, 50 mm concrete cover, ψ = 25, µ = 0.0001: Coarse mesh: (a) � initial cracking,
(b) � crack propagation, (c) � �nal stage of cracking, medium mesh: (d) � initial cracking,
(e) � crack propagation, (f) � �nal stage of cracking, dense mesh: (g) � initial cracking,
(h) � crack propagation, (i) � �nal stage of cracking
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Figure 5.22: Stress σnn vs. CMOD relations at marked points (cf. Fig. 5.18(c)) for RC
cross-section analysis with 50 mm cover and coarse mesh

Figure 5.23: Stress σnn vs. CMOD relations at marked points (cf. Fig. 5.18(f)) for RC
cross-section analysis with 50 mm cover and medium mesh
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Figure 5.24: Stress σnn vs. CMOD relations at marked points (cf. Fig. 5.18(i)) for RC
cross-section analysis with 50 mm cover and dense mesh

(a) (b) (c)

Figure 5.25: Distribution of max-in-plane strain � Explicit analysis, damage-plasticity
model, 30 mm concrete cover and dilation angle 25°

than it was assumed to appear.

In Fig. 5.26 results for the calculations using concrete modelled as brittle cracking
material are presented. The initial crack is formed between rebars. Unfortunately the
computations abort prematurely, despite changes in analysis parameters, hence only the
initial pattern is presented. Nevertheless, for both material models the maximum values
of CMOD (similar as in implicit analysis) appear in the middle of the distance of two
internal rebars.

In Figs. 5.27 and 5.28 the Huber-Mises stress distribution is presented. The stress
relaxation can be observed for both materials.

In Fig. 5.29 the stress σnn vs. CMOD diagrams are presented. CMOD values calcu-
lated using the damage-plasticity model are much greater than those obtained with the
cracking model. This can be due to the fact that simulation with cracking model diverge
prematurely but can also be a result of di�erences between the two material models.
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(a) (b)

Figure 5.26: Distribution of max-in-plane strain � Explicit analysis, cracking model,
30 mm concrete cover and dilation angle 25°

(a) (b) (c)

Figure 5.27: Distribution of Huber-Mises stress � Explicit analysis, damage-plasticity
model, 30 mm concrete cover and dilation angle 25°

(a) (b)

Figure 5.28: Distribution of Huber-Mises stress � Explicit analysis, cracking model, 30 mm
concrete cover and dilation angle 25°
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Figure 5.29: Stress σnn vs. CMOD relations at marked points (cf. Figs. 5.25(c)
and 5.26(b)) for RC cross-section analysis with 30 mm cover and dense mesh, explicit
analysis

(a) (b) (c)

Figure 5.30: Distribution of max-in-plane strain � Explicit analysis, damage-plasticity
model, 50 mm concrete cover and dilation angle 25°

The damage-plasticity and cracking models have also been employed in the explicit
analysis of the cross-section with 50 mm cover. The results are presented in Figs. 5.30
� 5.33. Figure 5.30 presents the evolution of max-in-plane strain distribution calculated
with the damage-plasticity model, while Fig. 5.31 presents similar evolution calculated
with the cracking model. The �nal cracking patterns presented in Figs. 5.30(c) and 5.31(c)
are very similar for both models, although slightly di�erent than in the case of implicit
algorithm. The main crack is formed horizontally between rebars, and no crack is visible
at the concrete surface. However in explicit analysis a short vertical crack appears, while
it is not visible in the implicit analysis performed with the same density of mesh. To be
exact, in the implicit analysis a short vertical crack is formed, but only in the calculations
performed with coarse and medium meshes.

Nevertheless, regardless what the type of analysis or material model are, the simu-
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(a) (b) (c)

Figure 5.31: Distribution of max-in-plane strain � Explicit analysis, cracking model,
50 mm concrete cover and dilation angle 25°

(a) (b) (c)

Figure 5.32: Distribution of Huber-Mises stress � Explicit analysis, damage-plasticity
model, 50 mm concrete cover and dilation angle 25°

lations indicate that �rst crack is formed horizontally, and later the concrete cover is
cracked. For 30 mm cover the vertical crack is visible at the concrete surface, while for
50 mm the concrete surface remains continuous.

The evolutions of Huber-Mises stress distribution for damage-plasticity and cracking
models are presented in Figs. 5.32 and 5.33. For the damage-plasticity model a stress
relaxation is presented in Fig. 5.32. On the other hand, for the cracking model a partly
false stress pattern can be observed especially in Fig. 5.33(c). Although there is a di�er-
ence in stress distribution between Figs. 5.33(b) and 5.33(c) it is hard to point out where
the relaxation takes place or to observe the redistribution of stresses. The cracking model
is generally less stable than the damage-plasticity model and, what follows, the results
obtained with the cracking model are harder to interpret and less reliable.

(a) (b) (c)

Figure 5.33: Distribution of Huber-Mises stress � Explicit analysis, cracking model, 50 mm
concrete cover and dilation angle 25°
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Figure 5.34: Stress σnn vs. CMOD relations at marked points (cf. Figs. 5.30(c)
and 5.31(c)) for RC cross-section analysis with 50 mm cover and dense mesh, explicit
analysis

Figure 5.34 presents stress σnn vs. CMOD diagrams for the damage-plasticity and
cracking models, respectively. For the cracking model it can be observed that CMOD is
at least 1 mm and after reaching the peak value strain softening occurs. For the damage-
plasticity model CMOD of horizontal cracks is 0.3 mm.

Figure 5.35 presents the distribution of displacement vectors for the �nal stage of
cracking calculated using explicit algorithm. Additionally a cracking pattern has been
marked with red line. In both �gures the spalling tendency is clearly visible.

(a) (b)

Figure 5.35: Distribution of displacement vectors for the �nal stage of cracking, implicit
analysis, damage-plasticity model (a) � 30 mm cover (b) � 50 mm cover
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Table 5.3: Material parameters � pullout model

Concrete Steel
Parameter Value Parameter Value
E [MPa] 37 000 E [MPa] 206 000
ν [-] 0.2 ν [-] 0.3

Stress at comp. peak fc [MPa] 30 Yield stress σe [MPa] 450
Strain at comp. peak εc [-] 0.2% Plastic tangent sti�. ET [MPa] 2 200
Tens. yield stress ft [MPa] 4.3

5.2 Pullout test

The material models discussed previously have also been used to simulate a pullout tests,
which were originally performed in [1]. In the experimental test the bond behavior was
studied in di�erent stages of corrosion: no corrosion, precracking, cracking (de�ned as
appearance of the �rst visible crack) and postcracking. The experiments were performed
on 150 mm cubic concrete specimens with 10, 14 and 20 mm diameter bars, centrally
embedded in concrete. The embedment length-to-bar diameter ratio was 4. The steel
used had an average yield strength of 450 MPa and concrete had a compressive strength
of 30 MPa. This experiment was also the subject of FE analysis conducted in [8].

In the thesis the single rebar pullout simulation is performed to obtain the interface
parameters, which are going to be used in the 3D beam model. The simulation model
assumes 150 x 150 x 40 mm concrete block and 10 mm diameter steel bar placed in the
center of the cross-section. This gives the embedment length-to-bar diameter ratio 4 and
c/d equal to 7. The three-dimensional analysis of a quarter con�guration is performed
using 8-node solid elements modelling concrete and steel and 8-node cohesive elements
modelling the rust layer as interface. The material model parameters for concrete and
steel have been partly adopted from [8] and are presented in Table 5.3.

Five levels of corrosion are assumed: 0% � no corrosion, 0.87% � precracking, 4.27% �
cracking, and �nally 6.7% and 7.8% � postcracking. The corrosion is applied �rst, while
in the following steps the displacement of the free end of rebar is applied.

The diagrams showing the bond-slip behavior for the analyzed implicit model com-
pared to the results of the experiment are presented in Fig. 5.36. It can be observed that
the results of FE analysis are in good agreement with the experimental results for the
case with no corrosion and high levels of corrosion (6.7% and 7.8%). The discrepancies
between the model and the experiment for the 0.87% and 4.27% corrosion curves can be
a result of corrosion products distribution which is an e�ect that has been neglected in
the analysis. The thin layer of concrete lying around the reinforcement has in fact much
weaker properties than the rest of the material. However, whenever rust is produced, it
is accumulated around the reinforcement in the empty space generated by steel consump-
tion, but also �lls voids in the neighboring weak concrete. The mixture of weak concrete
and corrosion products results in an increase of mechanical parameters of this thin layer
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Figure 5.36: Bond stress vs slip of free end

of material, in other words bond gets temporarily stronger. Hence for small amounts
of corrosion the bond strength increases. For higher levels of corrosion, the con�nement
provided by concrete is lost due to cracking and, as rust layer gets thicker, a lubricat-
ing e�ect is introduced into the model, thus the bond strength decreases signi�cantly.
Unfortunately, the interface model presented in the thesis simulates well the behavior
corresponding with high corrosion levels. The simulation of increase of bond strength due
to rust-concrete interaction is almost not represented. The visible non linear decrease
of the 4.27% diagram can be related to the fact that at this level of corrosion concrete
actively cracks and the total loss of bond is an interaction of damages of the interface
and concrete. At the corrosion levels of 6.7% and 7.8% concrete is already cracked at the
beginning of the process, so the loss of bond observed in the diagram is mainly related
to the damage of the rust interface. The discrepancy observed suggests that the model
should be further investigated, focusing on the concrete behavior.

During the analysis, the PEEQT parameter has been monitored for concrete. The
results presented in Fig. 5.37 illustrate the distribution of the PEEQT parameter for
di�erent values of free end slip (0.2, 0.4 and 0.6 mm) in the model with no corrosion
acting, calculated using the implicit algorithm. When no corrosion is applied, the pullout
simulation results indicate that PEEQT distribution is nonuniform along the reinforce-
ment. Plastic strains appear mainly in the front part of concrete and no crack propagates
through the cover.

Next, the corrosion has been applied and results for 0.87%, 4.27%, 6.7% and 7.8%
are presented in Fig. 5.38. For the precracking level of corrosion (0.87% in Figs. 5.38(a)
� 5.38(c)) the plastic strains next to the rebar can mainly be observed in the front part
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(a) (b) (c)

Figure 5.37: Distribution of equivalent plastic tensile strain (PEEQT) for model with no
corrosion and free end slip: (a) � 0.2 mm, (b) � 0.4 mm, (c) � 0.6 mm

of concrete, similar as in case of no corrosion. Additionally, single short cracks begin to
form.

As corrosion increases to the cracking level (4.27% in Figs. 5.38(d) � 5.38(f)), the
PEEQT distribution gets more uniform along the reinforcement. Thus the whole concrete-
rust contact area gets involved in the process. What is more, the cracks penetrate through
the concrete, moreover they develop as rebar displacement increases.

For 6.7% corrosion (Figs. 5.38(g) � 5.38(i)) concrete is visibly cracked in the front part,
however there is also nonzero PEEQT noticed in the back part of the concrete block. Thus
the cracked front part of concrete provides no con�nement. The only interlocking force
transfer between concrete, rust and steel occurs in the back part along the reinforcement.

For 7.8% corrosion (Figs. 5.38(j) � 5.38(l)) there are clearly visible cracks in the front
part of concrete. However, it seems that concrete is severely damaged due to corrosion,
thus as steel displacements increase only minor di�erences in PEEQT distribution along
reinforcement can be observed. Hence, the conclusion can be drawn that for high corrosion
levels the total bond strength depends strictly on the rust parameters.

The other parameter that has been monitored during the analysis is the scalar damage
variable (SDEG). SDEG appears in the interface, whenever the maximum stress criterion
is satis�ed. The distribution of SDEG in the interface for three values of free end slip
and three levels of corrosion is shown in Fig. 5.39. For the precracking level of corrosion
no damage in the interface can be observed (this case is not shown). The �rst damage is
noticed for 4.27% of corrosion in the back part of the interface. As the slip of the rebar
increases, the damaged area of the interface increases too, as presented in Figs. 5.39(a)
� 5.39(c).

For 6.7% of corrosion SDEG is distributed (Figs. 5.39(d) � 5.39(f)) along a large part of
the length of reinforcement, while for 7.8% of corrosion (Figs. 5.39(g) � 5.39(i)) almost the
whole interface is damaged at the beginning of the simulation. Thus for postcracking level
of corrosion interface is mainly responsible for bond strength in the pullout simulation.

Again, the calculations with the same loading application have been repeated using
the explicit algorithm and concrete represented by damage-plasticity or cracking model.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 5.38: Distribution of equivalent plastic tensile strain (PEEQT); 0.87% corrosion,
free end slip: (a) � 0.2 mm, (b) � 0.4 mm, (c) � 0.6 mm; 4.27% corrosion, free end slip:
(d) � 0.2 mm, (e) � 0.4 mm, (f) � 0.6 mm; 6.7% corrosion, free end slip: (g) � 0.2 mm,
(h) � 0.4 mm, (i) � 0.6 mm; 7.8% corrosion, free end slip: (j) � 0.2 mm, (k) � 0.4 mm, (l)
� 0.6 mm
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.39: Distribution of scalar damage variable (SDEG); 4.27% corrosion, free end
slip: (a) � 0.2 mm, (b) � 0.4 mm, (c) � 0.6 mm; 6.7% corrosion, free end slip: (d) �
0.2 mm, (e) � 0.4 mm, (f) � 0.6 mm; 7.8% corrosion, free end slip: (g) � 0.2 mm, (h) �
0.4 mm, (i) � 0.6 mm
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Figure 5.40: Bond stress vs slip of free end for explicit simulation, damage plasticity
model

The results of the explicit calculations with damage-plasticity are presented in Figs. 5.40
� 5.43. Figure 5.40 presents bond-slip relations for di�erent levels of corrosion. The
correlation of simulation and experiment is slightly worse than in the case of implicit
simulation. There is a huge discrepancy between the model and experiment for 0.87%
corrosion. For cracking level (4.27%) the di�erence between the model and experiment
is bigger than in the implicit simulation. A similar situation can be observed for 6.7%
corrosion. A full agreement between the results and experiment is noticed only for the
case of no corrosion and very high level of corrosion.

The distributions of PEEQT for 0.2, 0.4, 0.6 mm free end slip and no corrosion values
are presented in Fig. 5.41. They are the same as for the implicit model.

Figure 5.42 presents PEEQT distributions for 0.87%, 4.27%, 6.7% and 7.8% of corro-
sion. The results of explicit analysis when compared to implicit simulation reveal huge
discrepancies, especially in the case of 4.27% and 6.7% of corrosion. Again, for the pre-
cracking level of corrosion (0.87% in Figs. 5.42(a) � 5.42(c)) the plastic strains are mainly
observed in the front part of concrete, however single short cracks begin to form. The
PEEQT distribution is quite similar to the implicit simulation. For 4.27% corrosion
(Figs. 5.42(d) � 5.42(f)), the PEEQT distribution gets more uniform along the reinforce-
ment and a single crack is visible, penetrating concrete block. The PEEQT distribution,
thus the possible damage as well, di�er from the case of implicit algorithm, however in
both simulations, the crack penetrating concrete is visible.

For 6.7% corrosion (Figs. 5.42(g) � 5.42(i)) and 7.8% corrosion (Figs. 5.42(j) � 5.42(l))
there is a clearly visible crack in the front part of concrete. In this case the PEEQT
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(a) (b) (c)

Figure 5.41: Distribution of equivalent plastic tensile strain (PEEQT) for explicit,
damage-plasticity model with no corrosion and free end slip: (a) � 0.2 mm, (b) � 0.4 mm,
(c) � 0.6 mm

distribution can be noticed along the front part of reinforcement, while for 7.8% it is
nearly negligible. However, for postcracking levels of corrosion almost no di�erence in
PEEQT distribution can be observed as the rebar slip increases. Thus, once again it
seems that for high corrosion levels the total bond strength depends mainly on the rust
interface parameters.

For the explicit analysis the SDEG parameter has also been monitored. The distribu-
tion of SDEG in the interface for three values of free end slip and three levels of corrosion
is shown in Fig. 5.43. In contrast to the implicit simulation, in the explicit analysis the
�rst damage in the interface is noticeable in the case of 6.7% of corrosion. For precracking
and cracking levels of corrosion no damage in the interface can be observed.

For 6.7% and 7.8% of corrosion SDEG is distributed along reinforcement (Figs. 5.43(d)
� 5.43(i)), and the results are similar to those obtained from implicit calculations. How-
ever, for the postcracking levels of corrosion the damaged area of the rust interface is
smaller than those observed in the implicit analysis. This e�ect has also been noticed
in Fig. 5.40, since the maximum stress values obtained during the explicit analysis are
smaller than those obtained in the implicit simulation. Nevertheless, it can again be
stated that for postcracking levels of corrosion the bond strength in pullout simulation is
governed by interface parameters.

The explicit simulation has also been performed with concrete modelled as cracking
material. For the cracking model the value of the tension yield stress presented in Ta-
ble 5.3 has been decreased to 2.8 MPa to obtain agreement between model and experiment.
Unfortunately, the simulation performed with this model provides credible results only in
the case of no corrosion. For the models with other levels of corrosion the computations
diverge prematurely. The internal energy decreases abruptly when nonlinearities in subse-
quent �nite elements occur. What follows, the kinetic energy is much higher than internal
energy, and the process does not remain quasi-static. Thus, the further calculations do
not make any sense in the case of static considerations. This e�ect remains in spite of
changes of analysis parameters, incrementation etc.

In Fig. 5.44 the bond-slip relation for the cracking model is presented. The curves
representing 0.87%, 4.27%, 6.7% and 7.8% are plotted as long as the results seem to be



5.2. PULLOUT TEST 99

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 5.42: Distribution of equivalent plastic tensile strain (PEEQT) for explicit simu-
lation and damage-plasticity model; 0.87% corrosion, free end slip: (a) � 0.2 mm, (b) �
0.4 mm, (c) � 0.6 mm; 4.27% corrosion, free end slip: (d) � 0.2 mm, (e) � 0.4 mm, (f) �
0.6 mm; 6.7% corrosion, free end slip: (g) � 0.2 mm, (h) � 0.4 mm, (i) � 0.6 mm; 7.8%
corrosion, free end slip: (j) � 0.2 mm, (k) � 0.4 mm, (l) � 0.6 mm



100 CHAPTER 5. PROPAGATION RESULTS

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.43: Distribution of scalar damage variable (SDEG) for explicit simulation and
damage-plasticity model: 4.27% corrosion, free end slip: (a) � 0.2 mm, (b) � 0.4 mm, (c)
� 0.6 mm; 6.7% corrosion, free end slip: (d) � 0.2 mm, (e) � 0.4 mm, (f) � 0.6 mm; 7.8%
corrosion, free end slip: (g) � 0.2 mm, (h) � 0.4 mm, (i) � 0.6 mm
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Figure 5.44: Bond stress vs slip of free end for explicit simulation, cracking model

credible for quasi-static analysis, i.e. the kinetic energy of the process does not exceed 5%
of the internal energy. The calculation and experimental results are in good correlation
only in the case of 7.8% corrosion. Other simulation cases seem to di�er signi�cantly
from experiment. The 6.7% corrosion model diverges at the beginning of the process, and
the obtained results in fact do not exceed the corrosion application. No pullout analysis
has been performed for this level of corrosion. For 7.8% of corrosion concrete is severely
cracked at the beginning of the pullout process and the bond-slip behavior is related to
rust interface parameters only. This explains the agreement between the model and the
experiment. However, the overall response of the model leaves the impression that the
cracking model is not adequate for both corrosion and pullout simulations. In the case
of pullout simulation with no corrosion applied the model seems to be reliable, although
the results achieved with damage-plasticity model in the implicit and explicit analyses
are more convincing.

The distribution of maximum in-plane strains for 0.2, 0.4, 0.6 mm free end slip and no
corrosion are presented in Fig. 5.45. The results of the cracking analysis when compared to
the damage-plasticity model reveal huge discrepancies. The strain distribution presented
in Fig. 5.45 indicates that the pullout sample is cracked when the rebar slip is only 0.2 mm.
During the simulation the cracking pattern does not change signi�cantly.

Figure 5.46 presents maximum in-plane strain distributions for 0.87%, 4.27%, 6.7%
and 7.8% of corrosion. The results refer to the steps of analysis when the simulation was
quasi-static. Hence, Figs. 5.46(a) and 5.46(b) present the results for 0.87% and 4.27%
corrosion and slip 0.2 mm, while in Fig. 5.46(c) a distribution of max-in-plane strains for
6.7% corrosion and no slip can be observed. It can be noticed that the cracks penetrating
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(a) (b) (c)

Figure 5.45: Distribution of max-in-plane strains for explicit, cracking model with no
corrosion and free end slip: (a) � 0.2 mm, (b) � 0.4 mm, (c) � 0.6 mm

through the whole block are already formed at the beginning of the pullout simulation.
Also the cracking pattern is di�erent than the one obtained with the damage-plasticity
model.

For corrosion of 7.8% (Figs. 5.46(d) � 5.46(e)) there is a clearly visible crack for slip
value of 0.2 and 0.4 mm. However, there is no visible di�erence in the maximum in-plane
strain distribution as the rebar slip increases, which indicates that the total bond strength
depends on the rust interface parameters for high corrosion levels.

For the explicit analysis the SDEG parameter has also been monitored. The distribu-
tions of SDEG in the interface and three levels of corrosion are shown in Fig. 5.47. For
the precracking level of corrosion no damage in the interface can be observed. Since the
calculations diverge prematurely the results for 4.27% corrosion are presented for the slip
value of 0.2 mm, for 6.7% when no slip occurs, and for 7.8% for free end slip of 0.2 and
0.4 mm. Unfortunately, the distribution of SDEG presented in Fig. 5.47(b) suggests that
when only corrosion acts and no free end slip is applied the model does not give reliable
results. This happens in spite of changing analysis parameters. The spurious deformation
presented in Fig. 5.47(b) is a result of using the cracking model, which seems to be not
stable during the calculations. For 7.8% of corrosion SDEG is distributed (Figs. 5.47(c)
� 5.47(d)) along reinforcement similarly to the simulations with the damage-plasticity
model.

The simulation brings as a result the interface parameters, which can be used in the
beam model. According to the experiment the bond strength and bond sti�ness depend on
the corrosion level. The FE analysis revealed a similar dependence. In the interface model
used, apart from the bond strength and initial sti�ness values, the damage evolution also
depends on the corrosion level. The determined rust interface parameters are listed in
Table 5.4.
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(a) (b) (c)

(d) (e)

Figure 5.46: Distribution of max-in-plane strains for explicit simulation and cracking
model: (a) � 0.87% corrosion, free end slip 0.2 mm, (b) � 4.27% corrosion, free end slip
0.2 mm, (c) � 6.7% corrosion, no free end slip, (d) � 7.8% corrosion, free end slip 0.2 mm,
(e) � 7.8% corrosion, free end slip 0.4 mm

Table 5.4: Dependence of rust interface parameters on corrosion levels

Bond strength Bond sti�ness δfm − δ0m Corrosion
300 MPa 1200 N/mm3 2.5 0%
300 MPa 3000 N/mm3 2.5 1%
50 MPa 700 N/mm3 2.5 4%
17 MPa 30 N/mm3 0.4 6%
6 MPa 20 N/mm3 1.5 7%
4 MPa 5 N/mm3 1 8%
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(a) (b)

(c) (d)

Figure 5.47: Distribution of scalar damage variable (SDEG) for explicit simulation and
cracking model: (a) � 4.27% corrosion, free end slip 0.2 mm, (b) � 6.7% corrosion, no free
end slip, (c) � 7.8% corrosion, free end slip 0.2 mm, (d) � 7.8% corrosion, free end slip
0.4 mm
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Table 5.5: Material parameters � beam model

Concrete Steel
Parameter Value Parameter Value
E [MPa] 20 000 E [MPa] 200 000
ν [-] 0.2 ν [-] 0.3

Stress at comp. peak fc [MPa] 38.3 Yield stress σe [MPa] 350
Strain at comp. peak εc [-] 0.2% Plastic tangent sti�. ET [MPa] 3 295
Tens. yield stress ft [MPa] 2

5.3 3D beam analysis

After the analyses presented in the previous sections, a three-dimensional model of the
beam with corrosion and service load applied has been considered. The model has been
prepared in accordance with the experiment performed by [18]. The tested beam is
subjected to 3-point bending. The beam is 5 m long and the cross-section dimensions are
200 x 500 mm. The total de�ection value applied in the middle of the span is 50 mm.

The simulation is performed for a quarter of the beam, since double symmetry holds.
Concrete is modelled using the damage-plasticity model. To overcome the mesh-dependency
problem, the viscous parameter is used as numerical stabilization measure and not phys-
ical phenomenon, since statics is considered. Steel is assumed as elastic-plastic material
and rust is introduced as interface with initial thickness 0.01 mm. Due to the initial thick-
ness of the interface the steel bars diameters are 31.98 mm and 7.98 mm instead of 32 mm
and 8 mm, for bottom and top reinforcements, respectively. The rust interface properties
have been obtained from the single rebar pull out test model, discussed in the previous
section and in [14]. The simulation is performed for the beam without transversal steel
reinforcement. The implicit algorithm is employed. Since the analysis is performed as
three-dimensional, the mesh is quite coarse. The concrete, steel and rust parameters used
are shown in Tables 5.4 and 5.5 and the model con�guration is presented in Fig. 3.15.
The preliminary beam model and its results has been presented in [16].

The analysis considers three cases of corrosion and de�ection application. Two cases
include the corrosion and forced de�ection applied simultaneously. In the �rst simulation
the displacement changes from 0 to 50 mm and corrosion level increases linearly from
0% to 2%, 0% to 4% and 0% to 8%. In the second simulation the di�erent corrosion
levels are applied around top and bottom reinforcement. The last case considers di�erent
scenarios of load application. The corrosion and external loading are applied in separately
in di�erent sequences. Prior to the corrosion analysis the simulation of the beam with no
corrosion is performed.
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5.3.1 Simultaneous increase of corrosion and de�ection

Figure 5.48 presents the diagrams of the total force and the evolution of the εzz strain
in bottom reinforcement, both versus the maximum de�ection. The analysis of the beam
with no corrosion reveal that the concrete model used is too sti� when compared to the
experiment. There is also tension sti�ening e�ect visible. In Fig. 5.48(b) it can be noticed
that the reinforcement is under high tension when compared to the experiment. Since
the simulated load-carrying capacity is higher than the experiment, also the tension ob-
served in the bottom reinforcement is higher than the tension observed in the experiment.
The di�erence between the model and the experiment in Fig. 5.48(b) is bigger than in
Fig. 5.48(a). This can be explained by the fact that Fig. 5.48(b) presents the relation for
one bottom rebar, while the diagram presented in Fig. 5.48(a) represents the response of
the whole beam.

In the following step of analysis the corrosion is applied to the beam simultaneously
with the forced de�ection. Three simulations have been performed, with displacement
increasing from 0 to 50 mm and corrosion level increasing linearly from 0% to 2%, 0% to
4% and 0% to 8%.

In Fig. 5.48(a) the reduction of load-carrying capacity is observed, however it is not
signi�cant. The initial sti�ness is the same for all simulations, since they all start with the
same conditions � 0% corrosion and no de�ection. As corrosion and de�ection increases,
the total beam strength decreases, and for 8% corrosion the peak force decreases from
250 kN to 210 kN. The in�uence of corrosion is more visible in Fig. 5.48(b). As the total
force decreases the strain in the bottom reinforcement also decreases. The in�uence of
corrosion becomes signi�cant for displacement values from 20 to 30 mm, when the vertical
crack in the middle of the span develops. The strain calculated for the model with no
corrosion increases abruptly, since it captures all tension forces appearing at the bottom
of the beam. However, when corrosion is additionally applied, the strain slope decreases
due to fact that concrete is cracked horizontally and a loss of con�nement is noticed
around the bottom reinforcement. When the displacement is greater than 30 mm there
is a switch between 2% corrosion and 4% corrosion curves. This may be explained by
the fact that higher corrosion means bigger radial compression, and what follows bigger
tension strains. On the other hand, a similar behavior is not observed for the case of
8% corrosion. However, this can be an e�ect of loss of bond between concrete and steel,
which was analyzed in Section 5.2.

Figures 5.49 and 5.50 presents distributions of PEEQT parameter for the beam with
50 mm de�ection and di�erent corrosion levels (0, 2, 4 and 8%). The results are presented
in isometric view to allow one for the observation of the longitudinal cracks, and also in the
mid-span cross-section. For the beam loaded only with imposed de�ection the maximum
strains appear in the middle of the span, forming a vertical crack (Figs. 5.49(a), 5.49(b)).
As corrosion increases, the cross-section corners tend to spall o� the beam. In Figs. 5.50(a)
� 5.50(c) it can be noticed that when corrosion is 4% or higher the beam corners are spalled
o� along the whole length of the RC member. Also, for the case of no corrosion or corrosion
of 2% or 4% a vertical crack penetrates in the middle of the span. There is some deviation
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(a)

(b)

Figure 5.48: Increasing corrosion applied simultaneously with forced de�ection: (a) � To-
tal applied force vs. beam defection, (b) � Evolution of εzz strain in bottom reinforcement
vs. de�ection.
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(a) (b)

(c) (d)

Figure 5.49: Final distribution of PEEQT parameter for beam with 50 mm de�ection and
increasing corrosion applied simultaneously, presented in isometric and mid-span cross-
section views: (a) and (b) � 0.0% corrosion, (c) and (d) � 2.0% corrosion.
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(a) (b)

(c) (d)

Figure 5.50: Final distribution of PEEQT parameter for beam with 50 mm de�ection and
increasing corrosion applied simultaneously, presented in isometric and mid-span cross-
section views: (a) and (b) � 4.0% corrosion, (c) and (d) � 8.0% corrosion.
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form the vertical direction, it seems to be a result of the damage-plasticity description.
On the other hand, for corrosion level of 8% (Fig. 5.50(c)), the cracking pattern suggests
that corrosion-induced strains dominate. The vertical crack is translated away from the
middle of the span, which can be an e�ect of combination of strains induced by high
corrosion and de�ection.

In contrast to de�ection-caused cracking, the corrosion-induced cracking forms along
the whole element and can impair the concrete-reinforcement cooperation. The analysis
provided in the thesis considers only statics of the RC structure. The long-time ser-
viceability predictions are not included. However, it must be noted that the developing
spalling, presented in Figs. 5.49 and 5.50 can cause in time complete separation of con-
crete and reinforcement. Thus, although the analysis of the beam with corrosion applied
simultaneously with the forced de�ection revealed that the reduction of load-carrying ca-
pacity due to corrosion is not signi�cant, the corrosion process is of major importance
when serviceability limit state is analyzed. Also, since it is responsible for degradation of
the whole structure, it is a crucial issue for structural durability estimations.

5.3.2 Di�erent corrosion level around top and bottom reinforce-

ment

In the next step of the analysis, the di�erent corrosion levels are applied around top and
bottom reinforcement. During simulation de�ection increases to 50 mm, while corrosion
grows to:

� 2% around bottom and 4% around top,

� 4% around bottom and 2% around top.

In Fig. 5.51 the red curve representing 4% bottom and 2% top corrosion is very similar
to the blue dotted line standing for 2% bottom and top. According to diagrams presented
in Fig. 5.51(a) the beam seems to be slightly weaker when 4% corrosion is applied around
top reinforcement. This is a result of horizontal cracks generated in the top part of
concrete which is in compression. Thus, it seems that corrosion in�uences the overall
response of the beam by generating cracks in the compression zone. For displacement
values ranging 20-30 mm the strains are smaller when compared to those calculated with
model with no corrosion (Fig. 5.48(b)), thus there is a loss of con�nement caused by
horizontal cracks around the bottom reinforcement. However, in Fig. 5.51(b) slightly
di�erent e�ects can be noticed than the one observed in Fig. 5.48(b). Up to 24 mm
displacement the response of 4% bottom and 2% top curve is nearly the same as in the
case 2% bottom and top. Next, the red curve exhibits a sudden increase of the strain
value. This can be related to increasing corrosion and to concrete strain softening visible
as a little drop in corresponding curve in Fig. 5.51(a). As displacement and corrosion
increase to the �nal values the slope of the strain curve decreases, since there is a loss of
bonding between steel and concrete.
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(a)

(b)

Figure 5.51: Di�erent corrosion levels applied around top and bottom reinforcement,
simultaneously with forced de�ection: (a) � Total applied force vs. beam defection, (b) �
Evolution of εzz strain in bottom reinforcement vs. de�ection.
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In the case of 2% bottom and 4% top corrosion (represented by the black line in
Fig. 5.51 the increase of strains (for displacements 20-30 mm) is not so rapid. As presented
in Fig. 5.51(a) the beam is weaker than for the case of 4% bottom and 2% top, so the
strains in the bottom reinforcement are smaller.

Although the diagrams presenting strain-displacement relations are not so close to
each other as in the case of overall response of the beam in Fig 5.51(a), there are similar
tendencies visible in Fig. 5.51(b). The red curve of 4% bottom and 2% top and the
blue dotted curve of 2% bottom and top both exhibit rapid increase of strains, followed
by nearly linear relation and decrease of the slope of strain diagram for displacements
greater than 40 mm. Also it is characteristic for both diagrams that they intersect with
black curve of 2% bottom and 4% top and green dotted curve of 4% bottom and top,
respectively.

Nevertheless, corrosion is much more in�uential when strains in a single bottom bar is
analyzed. For an overall response of the beam corrosion is not very signi�cant, however
it decreases the load-carrying capacity of the beam. It seems important that corrosion
around the top reinforcement is more in�uential than corrosion around the bottom rebar.

Figure 5.52 presents distribution of PEEQT parameter for the beam with 50 mm de-
�ection and simultaneously applied di�erent corrosion levels around the top and bottom
reinforcement. Once again, the results are presented in isometric view and in mid-span
cross-section. The results presented in cross-section view are quite similar for both cases.
The equivalent plastic tensile strains appear in concrete in the bottom part of mid-span
cross-section, since they are caused by de�ection. The more interesting issue is the in-
�uence of corrosion on the cracking pattern. As in the previous simulations, also in the
considered cases the horizontal cracks are formed as a result of corrosion. In Fig. 5.52(a),
when corrosion around the bottom reinforcement is 2.0% and around top 4.0%, the lon-
gitudinal cracks are clearly visible in the top part of the RC member. At the bottom of
the beam the horizontal crack is at the beginning of the process of propagation. Thus,
the top corners of the beam can spall o� the beam.

However, when top corrosion is 2% and the bottom is 4% the cracks can be observed
along both reinforcements bars. Although the red curve in Fig. 5.51(a) suggests that this
case is advantageous when load-carrying capacity is considered, the cracking pattern in
Fig. 5.52(c) indicates that the beam can be more damaged with such corrosion distribu-
tion. The e�ect of not negligible cracking along the bottom reinforcement can also be
noticed in Fig. 5.51(b) in strain�displacement relation. Since corrosion increases to 4%
the slope of strain curve decreases, due to the loss of con�nement and bonding. Thus,
from the serviceability point of view the case of 4.0% corrosion around bottom and 2.0%
corrosion around top reinforcement is much more dangerous than inverse distribution of
corrosion.
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(a) (b)

(c) (d)

Figure 5.52: Final distribution of PEEQT parameter for beam with 50 mm de�ection and
simultaneously applied di�erent corrosion levels around top and bottom reinforcement:
(a) and (b) � 2.0% bottom and 4.0% top, (c) and (d) � 4.0% bottom and 2.0% top.
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(a)

(b)

Figure 5.53: Corrosion and external loading applied in separate steps and in di�erent
sequences: (a) � Total applied force vs. beam defection, (b) � Evolution of εzz strain in
bottom reinforcement vs. de�ection.
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5.3.3 Di�erent sequences of corrosion and de�ection application

The last step of considered analysis are di�erent scenarios of load application. The cor-
rosion and external loading are applied in separate steps and in di�erent sequences:

� simulation no. 1: 1.6% corrosion � 20 mm displacement � 4% corrosion � 50 mm
displacement,

� simulation no. 2: 20 mm displacement � 1.6% corrosion � 50 mm displacement �
4% corrosion.

The simulation no. 1 is presented in Fig. 5.53 by the blue line and the second loading
sequence is represented by the red line. For comparison the case of 4% corrosion and
50 mm displacement applied simultaneously is represented by the green dotted line. For
the simulation no. 1 the application of 1.6% corrosion prior to displacement does not
in�uence the load carrying capacity as in case of simultaneous application of corrosion
and external loading. When displacement is equal to 20 mm the corrosion of 4% is applied.
This generates a sudden and signi�cant drop of force visible in Fig. 5.53(a). The drop
is caused by horizontal cracking of the concrete. However, since there is signi�cant drop
of strains in the bottom reinforcement (Fig. 5.53(b)) it can be stated that the horizontal
cracks due to corrosion are the most signi�cant for the overall behavior of the beam.

Next, the displacement increasing to 50 mm is applied. A redistribution of forces
occurs in concrete and the total force increases. However, at the same time strain in
bottom reinforcement remains almost constant. When displacement is around 25 mm
the load bearing capacity in Fig. 5.53(a) is the same for simulation no. 1 and the green
dotted line. At the same time strains in the bottom reinforcement (Fig. 5.53(b)) begin to
increase. Thus both components (concrete and reinforcement) have their contribution in
the load bearing capacity of corroded beam.

The similar characteristics can be observed for simulation no. 2, when 20 mm displace-
ment is applied �rst and next 1.6% corrosion. Again, the drop of total force is observed
when corrosion is applied. The drop is even greater than in simulation no. 1. Also this
drop of force does not in�uence strains in the bottom reinforcement. When the displace-
ment begins to increase to 50 mm, the force and strains begin to increase too, in a similar
way as in simulation no. 1. At the end of red diagram again a drop of force can be noticed
since corrosion of 4% is applied.

In Fig. 5.53(a) it can be noticed that corrosion increasing simultaneously with increas-
ing displacements causes decrease of load carrying capacity greater than in the case when
corrosion and displacements are applied in separate steps of analysis. It is visible mainly
for displacements smaller than 20 mm. However, when the beam is already loaded, addi-
tional application of corrosion results in a sudden drop of total force, which may be more
dangerous for the structure than in the case of simultaneous application.

Figures 5.54 � 5.57 present the distributions of PEEQT parameter in isometric view
and mid-span cross-section for the beam with corrosion and external loading applied in
separate steps. Figures 5.54 and 5.55 present the results for simulation no. 1, after each
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(a) (b)

(c) (d)

Figure 5.54: Final distribution of PEEQT parameter for beam in simulation no. 1, pre-
sented in isometric and mid-span cross-section views: (a) and (b) � 1.6% corrosion, (c)
and (d) � 1.6% corrosion � 20 mm displacement.
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(a) (b)

(c) (d)

Figure 5.55: Final distribution of PEEQT parameter for beam in simulation no. 1, pre-
sented in isometric and mid-span cross-section views: (a) and (b) � 1.6% corrosion �
20 mm displacement � 4% corrosion, (c) and (d) � 1.6% corrosion � 20 mm displacement
� 4% corrosion � 50 mm displacement.
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(a) (b)

(c) (d)

Figure 5.56: Final distribution of PEEQT parameter for beam in simulation no. 2, pre-
sented in isometric and mid-span cross-section views: (a) and (b) � 20 mm displacement,
(c) and (d) � 20 mm displacement � 1.6% corrosion.
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(a) (b)

(c) (d)

Figure 5.57: Final distribution of PEEQT parameter for beam in simulation no. 2, pre-
sented in isometric and mid-span cross-section views: (a) and (b) � 20 mm displacement �
1.6% corrosion � 50 mm displacement, (c) and (d) � 20 mm displacement � 1.6% corrosion
� 50 mm displacement � 4% corrosion.
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step of loading application (1.6% corrosion � 20 mm displacement � 4% corrosion � 50 mm
displacement), and Figs. 5.56 and 5.57 for simulation no. 2 (20 mm displacement � 1.6%
corrosion � 50 mm displacement � 4% corrosion).

As can be observed in Fig. 5.54(a) the cross-section corners spall o� the beam after the
�rst step of the analysis, i.e. application of 1.6% of corrosion. Application of the following
steps of simulation does not change the cracking pattern signi�cantly. The �nal damage
of applying corrosion and displacement in separate steps, presented in Fig. 5.55(c), allows
one to observe horizontal cracks caused by corrosion and vertical crack in the mid-span
cross-section caused by de�ection.

For the beam loaded only with de�ection the maximum strains appear in the middle
of the span, forming vertical cracks Figs. 5.56(a). In Fig. 5.56(c) it can be noticed that
when corrosion is additionally applied the horizontal cracks are formed, however the strain
distribution is not as uniform along the whole length of the RC member as in Fig. 5.54(c)
presenting the results after the second step of the simulation no. 1. The increase of
the de�ection to the value of 50 mm causes noticeable change of the cracking pattern. In
Fig. 5.57(a) it can be observed that after increasing the de�ection the horizontal cracks are
at least partly healed. Next, when corrosion increases to 4% both horizontal and vertical
cracks are visible again. Nevertheless, in Figs. 5.55(c) and 5.57(c) it can be noticed that
the �nal damage of concrete is similar for both simulations, regardless of what the loading
sequence is.

Taking into account Figs. 5.53 � 5.57 it seems that for the RC structure a case when
displacement is applied prior to corrosion is more dangerous than the reverse situation.
The decrease of the force in Fig. 5.53(a) for simulation no. 2 is bigger than in the case of
simulation no. 1. What is more, the strains in the bottom reinforcement in Fig. 5.53(b) are
bigger for simulation no. 2. Finally, the cracking pattern depends on the current corrosion
level and de�ection, while for simulation no. 1 it is more stable during the analysis, which
may be helpful for serviceability considerations.

5.3.4 Explicit analysis

Again, for comparison the beam model has been calculated with explicit algorithm us-
ing two aforementioned material descriptions. Figure 5.58 presents the diagrams of the
total force and the evolution of the εzz strain in bottom reinforcement, both versus the
de�ection, calculated using the damage-plasticity model. In Fig. 5.58 it appears that the
explicit analysis gives worse results than the implicit simulation, although the kinetic en-
ergy condition is satis�ed. For the beam with no corrosion the model is oversti�, similarly
as in the implicit analysis (Fig. 5.48). However, after reaching the peak value of force
the softening takes the �uctuating shape, in spite of changing iteration or other analysis
parameters. The diagrams for the beam loaded with corrosion and de�ection seem to be
unreliable, especially for 4% and 8% of corrosion, see Fig. 5.58(b).

This e�ect can also be observed in Figs. 5.59 and 5.60 presenting distribution of
PEEQT parameter for the beam with de�ection and di�erent corrosion levels. The dis-
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(a)

(b)

Figure 5.58: Increasing corrosion applied simultaneously with forced de�ection, explicit
algorithm, damage-plasticity model: (a) � Total applied force vs. beam defection, (b) �
Evolution of εzz strain in bottom reinforcement vs. de�ection.
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placements of the cross-section corners, presented in Figs. 5.60(a) � 5.60(d) are so big that
they outweigh the action of de�ection. This however, taking into account the cross-section
and the implicit beam analyses, must be a strongly exaggerated e�ect.

In the next step of the analysis, the di�erent corrosion levels are applied around top
and bottom reinforcement. Again, it can be noticed in Fig. 5.61 that increasing level of
corrosion to 4% gives false results, visible mainly in Fig. 5.61(b), presenting evolution of
εzz strain in bottom reinforcement vs. de�ection.

The distribution of PEEQT parameter, presented in Fig. 5.62, con�rms the observation
that corrosion-induced displacements in 3D model dominate in the explicit analysis and
produce spurious results.

In the last step of analysis the corrosion and external loading is applied in separate
steps and in di�erent sequences. The diagrams are presented in Fig. 5.63. As long
as corrosion level is 1.6% the diagrams are similar to those obtained from the implicit
simulations (Fig. 5.53). The increase of corrosion to 4% results in big and a spurious drop
of force. Note that even the change of the force sign is noticed.

The explicit calculations have been repeated with the concrete cracking model (which is
unavailable in Abaqus/Implicit). Figure 5.64 presents the diagrams of the total force and
the evolution of the εzz strain in bottom reinforcement both versus de�ection, calculated
using cracking model. Note that the displacement grows only to 10 mm.

For beam model with no corrosion applied, the response (presented by red line in
Fig. 5.64(a)) is too sti� when compared to the experimental results (black line). The
strains observed in the bottom reinforcement are very close to the experiment. Unfor-
tunately, after adding corrosion computations diverge very early. For corrosion level of
2% the calculations diverge at mid-span de�ection equal to less than 4 mm. Increasing
the corrosion level results in decreasing the possible mid-span de�ection even to less than
1.5 mm.

The strains in the bottom reinforcement, presented in Fig. 5.64(b) follow the same
path since the analysis is in the elastic state. Both corrosion and displacement are so
small that no in�uence on strain is observed.

Figures 5.65 and 5.66 present the �nal available distribution of max-in-plane strain
for the beam calculated with di�erent corrosion levels (0, 2, 4 and 8%) and increasing
de�ection. Figures 5.65(a) and 5.65(b) present max-in-plane strain for the case with no
corrosion. Tension strains are visible in the bottom part of concrete, however the process
is just beginning, thus there is no crack formed in the middle of a span. Addition of 2%
corrosion results in forming longitudinal cracks, surrounding reinforcement and presented
in Figs. 5.65(c) and 5.65(d). The application of corrosion causes cracking of concrete,
although forced displacement is very small. Increasing corrosion to 4% or 8% induces
the increase of cracking strains, however the calculations diverge very quickly. What is
more, cracking presented in Figs. 5.66(a) � 5.66(d) seems to dominate and govern the
calculations convergence when the cracking model is employed.

The analysis with di�erent corrosion levels around top and bottom reinforcement has
been also performed with concrete modelled as a cracking material. Again, the results are
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(a) (b)

(c) (d)

Figure 5.59: Final distribution of PEEQT parameter for beam with 50 mm de�ection
and increasing corrosion applied simultaneously using explicit algorithm and damage-
plasticity model, presented in isometric and mid-span cross-section views: (a) and (b) �
0.0% corrosion, (c) and (d) � 2.0% corrosion.
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(a) (b)

(c) (d)

Figure 5.60: Final distribution of PEEQT parameter for beam with 50 mm de�ection
and increasing corrosion applied simultaneously using explicit algorithm and damage-
plasticity model, presented in isometric and mid-span cross-section views: (a) and (b) �
4.0% corrosion, (c) and (d) � 8.0% corrosion.
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(a)

(b)

Figure 5.61: Di�erent corrosion levels applied around top and bottom reinforcement, si-
multaneously with forced de�ection using explicit algorithm and damage-plasticity model:
(a) � Total applied force vs. beam defection, (b) � Evolution of εzz strain in bottom re-
inforcement vs. de�ection.
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(a) (b)

(c) (d)

Figure 5.62: Final distribution of PEEQT parameter for beam with 50 mm de�ection and
simultaneously applied di�erent corrosion levels around top and bottom reinforcement
using explicit algorithm and damage-plasticity model: (a) and (b) � 2.0% bottom and
4.0% top, (c) and (d) � 4.0% bottom and 2.0% top.
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(a)

(b)

Figure 5.63: Corrosion and external loading applied in separate steps and in di�erent
sequences, explicit algorithm, damage-plasticity model: (a) � Total applied force vs. beam
defection, (b) � Evolution of εzz strain in bottom reinforcement vs. de�ection.
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(a)

(b)

Figure 5.64: Increasing corrosion applied simultaneously with forced de�ection, explicit
algorithm, cracking model: (a) � Total applied force vs. beam defection, (b) � Evolution
of εzz strain in bottom reinforcement vs. de�ection.
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(a) (b)

(c) (d)

Figure 5.65: Final distribution of max-in-plane strain for beam with de�ection and in-
creasing corrosion applied simultaneously using explicit algorithm and cracking model,
presented in isometric and mid-span cross-section views: (a) and (b) � 0.0% corrosion,
(c) and (d) � 2.0% corrosion.



130 CHAPTER 5. PROPAGATION RESULTS

(a) (b)

(c) (d)

Figure 5.66: Final distribution of max-in-plane strain for beam with de�ection and in-
creasing corrosion applied simultaneously using explicit algorithm and cracking model,
presented in isometric and mid-span cross-section views: (a) and (b) � 4.0% corrosion,
(c) and (d) � 8.0% corrosion.
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inconclusive, since the calculations diverge prematurely. The computations of both com-
binations abort at de�ections less than 4 mm. All diagrams presented in Fig. 5.67 follow a
similar path, because the sample is in the early elastic state. For the corrosion�de�ection
considerations the calculations performed with the cracking model are inconclusive and
diverge soon after the corrosion application.

Figure 5.68 presents the �nal available distribution of max-in-plane strain for the beam
with concrete modelled as a cracking material. The interesting issue is the in�uence of
corrosion on the cracking pattern. As in the previous simulations, also in these cases
the horizontal cracks are formed as a result of corrosion. In Fig. 5.68(a), when corrosion
around the bottom reinforcement is 2.0% and around the top is 4.0%, the longitudinal
cracks are clearly visible in the top part of the RC member. At the bottom of the beam
the horizontal crack is less visible. However, when corrosion is applied in the opposite
way, the cracks can easily be observed along both reinforcement bars. The cracking
pattern in Fig. 5.68(c) indicates that the beam can be more degraded with such corrosion
distribution. Another issue is that the brittle cracking model seems to be very sensitive
to the loading representing corrosion. The strain distribution, as well as the diagrams
presented above reveal that the application of even a small level of corrosion generates
high values of strains and brings convergence problems.
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(a)

(b)

Figure 5.67: Di�erent corrosion levels applied around top and bottom reinforcement, si-
multaneously with forced de�ection using explicit algorithm and cracking model: (a) �
Total applied force vs. beam defection, (b) � Evolution of εzz strain in bottom reinforce-
ment vs. de�ection.
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(a) (b)

(c) (d)

Figure 5.68: Distribution of max-in-plane strain for beam with de�ection and simultane-
ously applied di�erent corrosion levels around top and bottom reinforcement using explicit
algorithm and cracking model: (a) and (b) � 2.0% bottom and 4.0% top, (c) and (d) �
4.0% bottom and 2.0% top.



134 CHAPTER 5. PROPAGATION RESULTS



Chapter 6

Conclusions and �nal remarks

6.1 Conclusions

The aim of the thesis was to discuss thoroughly the issues related to chloride corrosion
of RC element. The mechanism of transport of detrimental substances, generation of
corrosion cell as well as cracking analysis have been numerically simulated. The most
advanced example presented in the thesis considered 3D model of an RC beam subjected
to external load and corrosion. Rust was incorporated as a cohesive interface between steel
and concrete. The numerical models used for initiation and propagation phase analyses
provided results in good agreement with experiments, although did not capture all of the
aspects of the corrosion phenomenon.

The initiation phase of corrosion analysis consisted of: simulation of chlorides and
oxygen transport, electrical potential distribution and change of corrosion current in time.
The analytical description of chlorides transport considered two driving forces � di�usion
and migration, and chloride binding represented by Freundlich isotherm. The numerical
model was built using the Cellular Automata. Some additional problems were solved
using Finite Di�erence Method. The obtained numerical results are in agreement with
experimental results presented in [50] and [46] in the most crucial aspect, i.e. the time
to reach the chloride threshold. For comparison, the concentration was also calculated
with Fick's law, which is based only on di�usion. The di�erence between the two models
was visible, and it was easy to notice that the model proposed in the thesis properly
represented the data obtained from the experiment. The results also showed that even
high boundary concentration of chlorides does not cause high increase of the concentration
at the reinforcement level. From this point of view the boundary value seems to be of
secondary importance.

The parameter studies revealed that increase of concrete cover is of high importance
for corrosion protection. The initiation time was much longer for 50 mm cover when
di�erent values of di�usion coe�cient, boundary concentration and chloride thresholds
are considered than for 30 mm. In all cases the range of initiation time predicted for
50 mm cover was much wider, which allows one for more �exibility when the concrete

135
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mixture is composed. This leads to the conclusion that the most signi�cant parameter
governing the problem of chloride transport is the depth of the concrete cover. Although
the di�usion coe�cient is an important parameter, yet improving the concrete di�usivity
did not extend the initiation time so signi�cantly as increasing the concrete cover depth
did. This observation was con�rmed when the dependence of the initiation time on the
boundary concentration was analyzed. Finally, when the dependence of the initiation
time on the threshold value was analyzed, the need to increase the cover depth was even
more visible than in the previous cases.

The values of the electrical potential calculated at the anode and cathode revealed good
accordance with those obtained by other researchers. The change of electrical potential
in time was visible in the �rst days after depasivation, however within one month it
stabilized.

The propagation phase was simulated using Abaqus, which is Finite Element Method
software. Two kinds of numerical integration algorithm were used - the implicit and the ex-
plicit schemes. Concrete was modelled as damaging-plastic material in both schemes, and
additionally in the explicit calculations as brittle cracking material. Steel was modelled
as elastic-plastic material, and �nally rust was incorporated into the model as cohesive
interface.

The propagation phase simulations presented in the thesis provided information about
the damage in: an RC cross-section under destructive action of corrosion, a pullout test
with a corroded bar and a beam subjected to live load and corrosion.

The implicit analysis of the RC cross-section performed with damage-plasticity model
without regularization diverged prematurely and the results were inconclusive. Introduc-
ing nonzero viscosity parameter allowed one to obtain more advanced patterns of damage.

The cross-section analysis numerically con�rmed the observation that corrosion-induced
cracks tend to localize in the horizontal plane between rebars. For 30 mm cover thick-
ness the cracks between rebars and through the cover were predicted, which could impair
concrete-reinforcement bonding, but also accelerate further corrosion due to easy access
of water, chlorides etc. to reinforcement. Finally this could lead to spalling of the whole
cover. It was observed that at points on the concrete surface the simulated crack width
was generally below 0.5 mm, which correlates well with experimental works [2]. On the
other hand, horizontal cracks between rebars were even wider than 1 mm. Increasing the
cover from 30 mm to 50 mm successfully prevented concrete from cracking through the
cover. Although horizontal cracks between rebars could cause a loss in steel con�nement,
the cover remained sound and protected reinforcement from a quick in�ow of detrimental
substances.

The corrosion acting on the cross-section with low cover-to-diameter (c/d) ratio caused
cracking of the cover, spalling o� the corners and could �nally lead to a complete loss
of bonding between concrete and rebar. It might e�ectively result in a reduction of
structure's service-life. The normalized thickness c/d and the concrete tensile strength
are the two principal parameters governing the mechanical problem of corrosion.

The cracking pattern obtained with the explicit simulation and damage-plasticity
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model exhibited a more complex form, however, again concrete was at �rst cracked hor-
izontally between rebars. The explicit calculations using concrete modelled as brittle
cracking material aborted prematurely. Nevertheless, for both material models the maxi-
mum values of CMOD appeared in the middle of the distance between two internal rebars,
similarly as in the implicit analysis.

It is worth noticing that regardless what the type of analysis or material model were,
the simulations indicated that the �rst crack was formed horizontally, and later, depending
on concrete cover thickness, the concrete cover was possibly cracked.

To obtain the interface parameters for the 3D simulation of the beam with corroding
reinforcement, a 3D pullout simulation needed to be done. The interface model presented
in the thesis simulated well the behavior corresponding to the case of no corrosion and
high corrosion levels. The discrepancies between the model and the experiment for the
precracking and cracking levels of corrosion could be a result of corrosion products distri-
bution, which was an e�ect that should be further investigated. The pullout simulation
revealed that for low levels of corrosion, the loss of bond was an interaction of damages of
the interface and concrete. For postcracking levels of corrosion the interface was mainly
responsible for the bond strength.

The correlation of the explicit simulation with the damage-plasticity model and ex-
periment was slightly worse than in the case of the implicit simulation, especially for the
cases of precracking and cracking levels of corrosion. A full agreement between the results
and experiment was noticed only for the case of no corrosion and very high level of corro-
sion. In fact, the explicit simulation performed with the cracking model provided credible
results only for the case of no corrosion. For the models with other levels of corrosion the
computations diverged prematurely. This e�ect remained in spite of changes of analysis
parameters, incrementation etc.

The overall response of the model left the impression that the cracking model is not ad-
equate for both corrosion and pullout simulations. The results obtained with the damage-
plasticity model in the implicit and explicit analyses were more convincing. The pullout
simulation brought as a result the interface parameters, which could be used in the beam
model. The FE analysis numerically con�rmed the dependence of the bond strength and
bond sti�ness on the corrosion level.

In the 2D cross-section model it was not possible to include the service load. Therefore,
the 3D analysis of corrosion cracking in an RC beam under static loading were performed.
The analysis were performed using the same integration algorithms and material models as
in pullout simulation. There were three cases of load and corrosion application: corrosion
and de�ection increasing linearly and simultaneously, di�erent levels of corrosion around
top and bottom rebars increasing simultaneously with de�ection and �nally, corrosion and
de�ection applied as separate steps in di�erent sequences.

The implicit analysis of the beam with corrosion applied simultaneously with the
forced de�ection showed that the reduction of load-carrying capacity obtained due to
corrosion was not signi�cant. The in�uence of corrosion was more visible when tension
strains in the bottom reinforcement were analyzed. However, the corrosion process is of
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major importance when structural durability is assessed and moreover it seems important
that corrosion around the top reinforcement was equally in�uential as corrosion around
the bottom rebar.

The results of an analysis when corrosion around the top and bottom reinforcement had
di�erent values have shown that when top corrosion was lower than the bottom, the loss of
load-carrying capacity was smaller that in the inverse distribution of corrosion. However,
the cracking pattern indicated that the beam could be more damaged with such corrosion
distribution. Thus, from the serviceability point of view the case of high corrosion around
bottom and low corrosion around top reinforcement is much more dangerous than the
inverse distribution of corrosion.

Finally, an analysis with di�erent scenarios of load application has been performed.
The sequence of corrosion and imposed displacement application has been changed. It
turns out that the �nal damage of concrete was similar regardless of what the loading
sequence was. However, the presented results showed that corrosion caused severe damage
to the cross-section.

The important observation is that, whenever beam was loaded with de�ection and
later the corrosion was applied, a sudden and signi�cant drop of load-carrying capacity
was noticed, which might be more dangerous for the structure than the simultaneous load
and corrosion application. The drop was caused by horizontal cracking of the concrete.
However, at the same time there was no noticeable drop or increase of strains observed
in the bottom reinforcement. This led to the conclusion that the horizontal cracks are
signi�cant for the overall behavior of the beam.

Again, for comparison the explicit simulation was performed with concrete modelled
as damage-plasticity and cracking material, however the results for all cases were rather
inconclusive. The diagrams for the beam loaded with corrosion and de�ection seemed
unreliable, especially for high levels of corrosion, in spite of changing analysis parameters.
It seems that corrosion-induced displacements in the 3D model govern the explicit analysis
and produce spurious results.

The objective of the dissertation was to perform a thorough numerical analysis of
the behavior of reinforced concrete elements under the destructive actions of corrosion
products and external loading. Any experimental research of corroded structures should
be supported with a reliable numerical procedure. The numerical model proposed in
the thesis provides a complex simulation from the beginning of the chlorides initiation
process through the generation of corrosion macrocell and rust production to the cracking
analysis of the 3D beam loaded with imposed de�ection and expanding corrosion products.
Among many analytical descriptions of the total chloride ions �ux, the model proposed
in the thesis considers only two driving forces � di�usion and migration.

Although it was a simpli�cation, the simulation of this problem gave as a result the
realistic values of the time to reach the chloride threshold. What is more, many authors
still use the Fick's di�usion law to calculate the chlorides concentration, which, as it
was presented in Chapter 4, gives much worse results. Additionally, one can �nd the
recommendations concerning concrete cover thickness or di�usion coe�cient value.
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Most authors consider the rust in�eunce on the basis of a cross-section analysis. How-
ever, considering only the cross-section it is not possible to represent both the corrosion
and static load. According to the author's best knowledge, analyses considering simul-
taneously the corrosion and live load in a 3D model have not been performed so far.
Additionally, to reproduce in a possibly precise way all rust properties the 3D simulation
of pullout was performed in advance.

The important point of the analysis was to build a proper numerical model for concrete-
rust and rust-steel interface, taking into account the volumetric expansion of corrosion
products. In the thesis rust was incorporated as a cohesive interface between steel and
concrete with the bond strength, sti�ness and the evolution of damage depending on the
corrosion level. The author found in the literature only a few similar examples of rust
representation. In most cases the rust is represented as a substitute pressure acting on
concrete.

The analysis of fracture caused by chloride corrosion presented in the thesis can help
one to understand the character of the observed damage. At some point, it brings the
answer to the question whether the damage is a result of cracking, spalling, the loss of
bond between steel and concrete or a combination of all these actions. The results of the
simulations can thus be helpful in safety and durability predictions. From the practical
point of view the research provides advice for the designer useful in the analysis of the
serviceability limit state and as a result to extend the service-life. The corrosion of steel
reinforcement in concrete structures exposed to the chlorides is a worldwide problem
which consumes large amounts of money every year. Due to its versatility, the model
proposed in the thesis can be used when expert opinions are prepared, for structure life-
time predictions or repair cost estimation.

6.2 Goals for the future

Although the author did her best to thoroughly discuss the problem of chloride corrosion
of reinforcement, there are still issues for further investigation:

� the description of the transport of detrimental substances extended with convection
or water transport,

� the incorporation of nonlinear rust production,

� the description of distribution of corrosion products,

� the inclusion of the e�ect of temporary strengthening of concrete around rebar for
low levels of corrosion,

� the 3D analysis of the beam with transversal reinforcement subjected to corrosion
and live load,
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� the 3D analysis of other structural members, e.g. column or plate, subjected to
corrosion and live load,

� the analysis of the in�uence of the cracking on the corrosion process.
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Streszczenie

Analiza zaprezentowana w pracy dotyczy elementów »elbetowych poddanych korozji i
obci¡»eniu zewn¦trznemu jak równie» zale»no±ciom mi¦dzy nimi. W szczególno±ci praca
dotyczy korozji chlorkowej zbrojenia oraz spowodowanego ni¡ zarysowania betonu.

Zjawisko korozji przyj¦to opisywa¢ dwuetapowym modelem Tuuttiego zakªadaj¡cym
fazy inicjacji i propagacji korozji. W fazie inicjacji st¦»enie chlorków w betonie wzrasta.
Gdy wokóª zbrojenia st¦»enie chlorków przekroczy warto±¢ progow¡ nast¦puje caªkowita
depasywacja zbrojenia. Tworzy si¦ ogniwo korozyjne, w którym woda zawarta w po-
rach betonu peªni rol¦ elektrolitu, a pr¦t zbrojeniowy przewodnika. Przepªywaj¡cy pr¡d
elektryczny powoduje powstanie produktów korozji. Rozpoczyna si¦ druga faza korozji
� faza propagacji, w której produkowana rdza zwi¦ksza swoj¡ obj¦to±¢. Efektem jest
powstanie wokóª koroduj¡cych pr¦tów zbrojeniowch wzrastaj¡cego ci±nienia. Co za tym
idzie, nast¦puje zarysowanie betonu, jego odspojenie, utrata wytrzymaªo±ci, a w ko«cu
zniszczenie elementu »elbetowego. Teoretyczne podstawy zjawiska zostaªy opisane w pracy
w rozdziale 2.

Zaprezentowana w pracy analiza numeryczna pozwoli na ustalenie czy uszkodzenie
wynika gªównie z zarysowania, odspojenia betonu, utraty przyczepno±ci mi¦dzy stal¡ a be-
tonem lub kombinacji powy»szych. Wa»nym elementem symulacji jest budowa odpowied-
niego interfejsu beton-rdza-stal. Stanowi to dodatkow¡ trudno±¢, wprowadzaj¡c do oblicze«
problem kontaktu. Kolejnym wyzwaniem jest wªa±ciwa reprezentacja ci±nienia wywoªanego
narastaj¡cymi produktami korozji. W ramach pracy zaprezentowane s¡ jedno-, dwu- i
trójwymiarowe modele bazuj¡ce na Metodzie Elementów Sko«czonych (MES), Automatów
Komórkowych oraz Metodzie Ró»nic Sko«czonych (MRS). Analiz¦ przeprowadzono w
±rodowisku Matlab oraz Abaqus. Wszystkie uzyskane wyniki s¡ zestawione z wynikami
eksperymentów z zakresu korozji.

W rozdziale 3 opisany zostaª model numeryczny zaproponowany do opisu fazy inic-
jacji jak i fazy propagacji korozji. W modelu inicjacji zaªo»ono, »e transport chlorków
odbywa si¦ w wyniku dwóch zjawisk � dyfuzji i migracji, natomiast transport tlenu tylko
w wyniku dyfuzji. Zbudowano dwuwymiarowe modele numeryczne bazuj¡ce na Automat-
ach Komórkowych. Do oblicze« potencjaªu korozyjnego oraz g¦sto±ci pr¡du zbudowano
jednowymiarowy model w oparciu o MRS. Masa rdzy jest liniowo zale»na od g¦sto±ci
pr¡du korozyjnego.

W nast¦pnym kroku zbudowano dwu- i trójwymiarowe modele z u»yciem MES. Anal-
iz¦ propagacji korozji przeprowadzono przy u»yciu pakietu Abaqus, korzystaj¡c z kon-
tynualnych modeli materiaªów dost¦pnych w programie. Beton zostaª opisany modelem
plastyczno±ci z uszkodzeniem, a stal modelem spr¦»ysto-plastycznym. Rdz¦ przyj¦to jako
interfejs mi¦dzy betonem a stal¡, którego parametry zale»¡ od poziomu korozji.

Analiz¦ wykonano schematem jawnego i niejawnego caªkowania numerycznego. Dla
porównania, w schemacie jawnym beton przyj¦to równie» jako materiaª kruchy, ulegaj¡cy
zarysowaniu. Przeprowadzano symulacj¦ przekroju »elbetowego poddanego dziaªaniu ko-
rozji. Dodatkowo zbudowane zostaªy modele trójwymiarowe, analizuj¡ce wpªyw rdzy na
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prób¦ wyci¡gania pr¦ta z bloku betonowego oraz zachowanie belki »elbetowej poddanej
trójpunktowemu zginaniu i korozji. Model belki zakªadaª ró»ne sposoby przykªadania
obci¡»enia: jednorodnej korozji zbrojenia dziaªaj¡cej równocze±nie z ugi¦ciem, ró»nego
rozkªadu korozji wokóª górnego i dolnego zbrojenia dziaªaj¡cej równocze±nie z ugi¦ciem
oraz korozji i ugi¦cia przyªo»onego oddzielnie w ró»nych krokach i w ró»nej kolejno±ci.

Wyniki symulacji fazy inicjacji przedstawiono w rozdziale 4, natomiast fazy propa-
gacji w rozdziale 5. Wszystkie wyniki wykazaªy zbie»no±¢ z eksperymentem potwierdzaj¡c
poprawno±¢ zastosowanych modeli materiaªowych oraz obliczeniowych. Przeprowadzone
analizy parametryczne pozwoliªy na wskazanie kluczowych parametrów materiaªowych
oraz wra»liwych punktów symulacji. Praca zawiera równie» pewne zalecenia, które zas-
tosowane w praktyce pozwoliªyby na wydªu»enie czasu u»ytkowalno±ci konstrukcji »elbe-
towej.

Model numeryczny zaproponowany w pracy zawiera kompletn¡ symulacj¦ zjawiska od
pocz¡tku procesu wnikania chlorków, poprzez utworzenie ogniwa korozyjnego i produkcj¦
rdzy, a» po trójwymiarow¡ analiz¦ zarysowania belki obci¡»onej ugi¦ciem i post¦puj¡c¡
korozj¡. Spo±ród ró»nych dost¦pnych modeli opisu transportu jonów chlorkowych, w
pracy zaªo»ono, »e odbywa si¦ on w wyniku dyfuzji i migracji. Jest to pewne uproszczenie,
jednak w rezultacie symulacja daªa rzeczywiste warto±ci czasu do osi¡gni¦cia progowego
st¦»enia chlorków. Co wi¦cej, nadal wielu autorów do oblicze« st¦»enia chlorów posªuguje
si¦ prawem dyfuzji Fick'a, które, jak pokazano w rozdziale 4, daje zdecydowanie gorsze
wyniki.

Wi¦kszo±¢ autorów rozwa»a wpªyw korozji na podstawie analizy przekroju »elbe-
towego. Niestety, w takiej analizie nie ma mo»liwo±ci uwzgl¦dnienia korozji i obci¡»enia
zewn¦trznego. Wedªug najlepszej wiedzy autora, nie ma opisanych w literaturze przy-
padków trójwymiarowych symulacji jednoczesnego dziaªania korozji i obci¡»enia. Aby
dokona¢ takiej analizy zbudowano model belki, a wyniki jego oblicze« zaprezentowano
w rozprawie w rozdziale 5. Dodatkowo, aby mo»liwie najdokªadniej odwzorowa¢ wszyste
wªa±ciwo±ci rdzy, w pracy zaprezentowano trójwymiarowy model testu wyci¡gania pr¦ta
z betonowego bloku.

Wa»nym punktem oblicze« byªo zbudowanie poprawnego modelu interfejsu mi¦dzy
betonem i stal¡, uwzgl¦dniaj¡cego ekspansj¦ obj¦to±ciow¡ rdzy. W pracy rdza zostaªa
wª¡czona do oblicze« jako interfejs, którego parametry zale»¡ od stopnia korozji. Autor
nie znalazª podobnych przykªadów symulacji w literaturze. W wi¦kszo±ci przypadków rdza
reprezentowana jest poprzez zast¦pcze ci±nienie dziaªaj¡ce na beton wokóª zbrojenia.

Zaprezentowana symulacja ma za zadanie uªatwi¢ oszacowanie czasu u»ytkowania i
trwaªo±ci konstrukcji. Korozja jest zjawiskiem powszechnym oraz generuj¡cym spore
koszty. Oprócz kosztów bezpo±rednich, zwi¡zanych z naprawami zniszczonych elementów
wyst¦puj¡ równie» znacznie wy»sze koszty po±rednie, zwi¡zane z wyª¡czeniem danego
elementu z u»ytkowania (np. zatory drogowe i opó¹nienia w transporcie spowodowane
zamkni¦ciem skorodowanego mostu). Model zaproponowany w pracy mo»e by¢ przydatny
przy przygotowywaniu opinii eksperckich i oszacowaniach kosztów napraw.


