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Abstract
Corrosion of steel is one of the main pathologies affecting reinforced concrete structures
exposed to marine environments or to molten salt. When corrosion occurs, an oxide layer
develops around the reinforcement surface, which occupies a greater volume than the initial
steel; thus, it induces internal pressure on the surrounding concrete that leads to cracking
and, eventually, to full-spalling of the concrete cover.
During the last years much effort has been devoted to understand the process of cracking; however, there is still a lack of knowledge regarding the mechanical behavior of the
oxide layer, which is essential in the prediction of cracking. Thus, a methodology has been
developed and applied in this thesis to gain further understanding of the behavior of the
steel-oxide-concrete system, combining experiments and numerical simulations.
Accelerated corrosion tests were carried out in laboratory conditions, using the impressed current technique. To get experimental information close to the oxide layer, concrete prisms with a smooth steel tube as reinforcement were selected as specimens, which
were designed to get a single main crack across the cover. During the tests, the specimens
were equipped with instruments that were specially designed to measure the variation of
inner diameter and volume of the tubes, and the width of the main crack was recorded using
a commercial extensometer that was adapted to the geometry of the specimens. The boundary conditions were carefully designed so that plane current and strain fields were expected
during the tests, resulting in nearly uniform corrosion along the length of the tube, so that
the tests could be reproduced in numerical simulations. Series of tests were carried out with
various current densities and corrosion depths. Complementarily, the fracture behavior of
concrete was characterized in independent tests, and the gravimetric loss of the steel tubes
was determined by standard means. In all the tests, the main crack grew very slowly during
the first microns of corrosion depth, but after a critical corrosion depth it fully developed
and opened faster; the current density influenced the critical corrosion depth. The variation
of inner diameter and inner volume of the tubes had different trends, which indicates that
the deformation of the tube was not uniform.
After accelerated corrosion, the specimens were cut into slices, which were used in
post-corrosion tests. The pattern of cracking along the reinforcement was investigated in
slices that were impregnated under vacuum with resin containing fluorescein to enhance the
visibility of cracks under ultraviolet lightening and a study was carried out to assess the
presence of oxide into the cracks. In all the specimens, a main crack developed through
the concrete cover, which was infiltrated with oxide, and several thin secondary cracks
around the reinforcement; the number of cracks diminished with the corrosion depth of the
specimen. For specimens with the same corrosion, the number of cracks and their position
varied from one specimen to another and between cross-sections of a given specimen, due
to the heterogeneity of concrete.
Finally, the bond between the steel and the concrete was investigated, using a device
xi
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designed to push the tubes of steel in the concrete. The curves of stress versus displacement
of the tube presented a marked peak, followed by a steady descent, with notably influence
of the corrosion depth and the crack width on the residual stress.
To simulate cracking of concrete due to corrosion of the reinforcement, a numerical
model was implemented. It combines finite elements with an embedded adaptable crack
that reproduces cracking of concrete according to the basic cohesive model, and interface
elements so-called expansive joint elements, which were specially designed to reproduce the
volumetric expansion of oxide and incorporate its mechanical behavior. In the expansive
joint element, a debonding effect was implemented consisting of sliding and separation,
which was proved to be essential to achieve proper localization of cracks, and was achieved
by strongly reducing the shear and the tensile stiffnesses of the oxide.
With that model, simulations of the accelerated corrosion tests were carried out on 2dimensional finite element models of the specimens. For the fracture behavior of concrete,
the properties experimentally determined were used as input. For the oxide, initially a fluidlike behavior was assumed with nearly perfect sliding and separation; then the parameters
of the expansive joint element were modified to fit the experimental results. Changes in
the bulk modulus of the oxide barely affected the results and changes in the remaining
parameters had a moderate effect on the predicted crack width; however, the deformation of
the tube was very sensitive to variations in the parameters of oxide, due to the flexibility of
the tube wall, which was crucial for indirect determination of the constitutive parameters of
oxide. Finally, definitive simulations of the tests were carried out. The model reproduced
the critical corrosion depth and the final behavior of the experimental curves; it was assessed
that the variation of inner diameter of the tubes is highly influenced by its relative position
with respect to the main crack, in accordance with the experimental observations.
From the comparison of the experimental and numerical results, some properties of
the mechanical behavior of the oxide were disclosed that otherwise could not have been
measured.

xii

Resumen
La corrosión del acero es una de las patologías más importantes que afectan a las estructuras de hormigón armado que están expuestas a ambientes marinos o al ataque de
sales fundentes. Cuando se produce corrosión, se genera una capa de óxido alrededor de
la superficie de las armaduras, que ocupa un volumen mayor que el acero inicial; como
consecuencia, el óxido ejerce presiones internas en el hormigón circundante, que lleva a la
fisuración y, ocasionalmente, al desprendimiento del recubrimiento de hormigón.
Durante los últimos años, numerosos estudios han contribuido a ampliar el conocimiento
sobre el proceso de fisuración; sin embargo, aún existen muchas incertidumbres respecto
al comportamiento mecánico de la capa de óxido, que es fundamental para predecir la
fisuración. Por ello, en esta tesis se ha desarrollado y aplicado una metodología, para
mejorar el conocimiento respecto al comportamiento del sistema acero-óxido-hormigón,
combinando experimentos y simulaciones numéricas.
Se han realizado ensayos de corrosión acelerada en condiciones de laboratorio, utilizando la técnica de corriente impresa. Con el objetivo de obtener información cercana
a la capa de acero, como muestras se seleccionaron prismas de hormigón con un tubo de
acero liso como armadura, que se diseñaron para conseguir la formación de una única fisura
principal en el recubrimiento. Durante los ensayos, las muestras se equiparon con instrumentos especialmente diseñados para medir la variación de diámetro y volumen interior de
los tubos, y se midió la apertura de la fisura principal utilizando un extensómetro comercial, adaptado a la geometría de las muestras. Las condiciones de contorno se diseñaron
cuidadosamente para que los campos de corriente y deformación fuesen planos durante los
ensayos, resultando en corrosión uniforme a lo largo del tubo, para poder reproducir los
ensayos en simulaciones numéricas. Se ensayaron series con varias densidades de corriente
y varias profundidades de corrosión. De manera complementaria, el comportamiento en
fractura del hormigón se caracterizó en ensayos independientes, y se midió la pérdida gravimétrica de los tubos siguiendo procedimientos estándar. En todos los ensayos, la fisura
principal creció muy despacio durante las primeras micras de profundidad de corrosión,
pero después de una cierta profundidad crítica, la fisura se desarrolló completamente, con
un aumento rápido de su apertura; la densidad de corriente influye en la profundidad de
corrosión crítica. Las variaciones de diámetro interior y de volumen interior de los tubos
mostraron tendencias diferentes entre sí, lo que indica que la deformación del tubo no fue
uniforme.
Después de la corrosión acelerada, las muestras se cortaron en rebanadas, que se utilizaron en ensayos post-corrosión. El patrón de fisuración se estudió a lo largo del tubo,
en rebanadas que se impregnaron en vacío con resina y fluoresceína para mejorar la visibilidad de las fisuras bajo luz ultravioleta, y se estudió la presencia de óxido dentro de las
grietas. En todas las muestras, se formó una fisura principal en el recubrimiento, infiltrada
con óxido, y varias fisuras secundarias finas alrededor del tubo; el número de fisuras varió
xiii
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con la profundidad de corrosión de las muestras. Para muestras con la misma corrosión, el
número de fisuras y su posición fue diferente entre muestras y entre secciones de una misma
muestra, debido a la heterogeneidad del hormigón.
Finalmente, se investigó la adherencia entre el acero y el hormigón, utilizando un dispositivo diseñado para empujar el tubo en el hormigón. Las curvas de tensión frente a
desplazamiento del tubo presentaron un pico marcado, seguido de un descenso constante;
la profundidad de corrosión y la apertura de fisura de las muestras influyeron notablemente
en la tensión residual del ensayo.
Para simular la fisuración del hormigón causada por la corrosión de las armaduras, se
programó un modelo numérico. Éste combina elementos finitos con fisura embebida adaptable que reproducen la fractura del hormigón conforme al modelo de fisura cohesiva estándar, y elementos de interfaz llamados elementos junta expansiva, que se programaron
específicamente para reproducir la expansión volumétrica del óxido y que incorporan su
comportamiento mecánico. En el elemento junta expansiva se implementó un fenómeno
de despegue, concretamente de deslizamiento y separación, que resultó fundamental para
obtener localización de fisuras adecuada, y que se consiguió con una fuerte reducción de la
rigidez tangencial y la rigidez en tracción del óxido.
Con este modelo, se realizaron simulaciones de los ensayos, utilizando modelos bidimensionales de las muestras con elementos finitos. Como datos para el comportamiento en
fractura del hormigón, se utilizaron las propiedades determinadas en experimentos. Para el
óxido, inicialmente se supuso un comportamiento fluido, con deslizamiento y separación
casi perfectos. Después, se realizó un ajuste de los parámetros del elemento junta expansiva para reproducir los resultados experimentales. Se observó que variaciones en la rigidez
normal del óxido apenas afectaban a los resultados, y que los demás parámetros apenas
afectaban a la apertura de fisura; sin embargo, la deformación del tubo resultó ser muy
sensible a variaciones en los parámetros del óxido, debido a la flexibilidad de la pared de
los tubos, lo que resultó fundamental para determinar indirectamente los valores de los
parámetros constitutivos del óxido. Finalmente, se realizaron simulaciones definitivas de
los ensayos. El modelo reprodujo la profundidad de corrosión crítica y el comportamiento
final de las curvas experimentales; se comprobó que la variación de diámetro interior de los
tubos está fuertemente influenciada por su posición relativa respecto a la fisura principal, en
concordancia con los resultados experimentales.
De la comparación de los resultados experimentales y numéricos, se pudo extraer información sobre las propiedades del óxido que de otra manera no habría podido obtenerse.
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Chapter 1

Introduction
1.1

Motivation

Corrosion of steel reinforcement is one of the main pathologies affecting concrete structures exposed to marine environments or to molten salt. It involves generation of an oxide
layer on the bar surface, which results in a decrease of the net cross-sectional area, thus, reducing its strength and decreasing the overall safety of the structure. However, long before
a significant reduction in area is achieved, the volumetric expansion of the oxide induces
internal pressure on the surrounding concrete, leading to the cracking of concrete and, eventually, to full spalling of the cover, and the subsequent loss of bond between the steel and the
concrete. Some examples of structures affected by corrosion-induced-cracking are shown
in Fig. 1.1.
Since the mentioned effects severely affect the service life of the structure, it is essential
to have models that permit to predict its degree of safety or to calculate its residual service
life, which requires understanding the fracture behavior of the concrete and the mechanical
action of the oxide. Many investigations have contributed to a better understanding of the
process, which will be reviewed in the next sections, but there are still many uncertainties
about the mechanical properties of the generated oxide, which are crucial. To narrow those
uncertainties, an experimental and numerical study of cracking of concrete is presented in
this thesis.
In this introductory chapter, we briefly review the principles of corrosion and the experimental works and models related to corrosion-induced-cracking (Sec. 1.2) and the main
aspects about fracture of concrete (Sec. 1.3). Next, the methodology and objectives of this
thesis are presented (Sec. 1.4) and, finally, an outline of the document is included (Sec. 1.5).

1.2
1.2.1

A brief overview about corrosion of steel in concrete
Basic concepts

The study of corrosion processes of steel in concrete belongs to the wide field of Electrochemistry and to the more specific field of Corrosion Science and Engineering, but has
very specific connotations due to the special properties of the concrete surrounding the steel.
Here, we review only very basic (and simplified) concepts which are dealt in depth in specialized treatises, such as the book of Fontana and Greene (1983), on corrosion engineering,
and those of Tuutti (1982) and Broomfield (1997) for the specific case of steel in concrete.
The basic concepts can also be found in some undergraduate textbooks (e.g. Atkins and
1
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Figure 1.1: Examples of concrete structures affected by corrosion of the reinforcement.

De Paula, 2006, Chap. 25).
The basic fact is that, in absence of an aggressive environment, concrete provides an
excellent protection to the steel, both mechanical and electrochemical. The reason is that
the pores are partially or totally filled with a highly alkaline solution —with a pH larger
than 12, typically 12.5 or even 13. In that alkaline medium, the steel is in a passive state
thanks to the generation of a layer of dense, impervious oxide that protects the steel against
corrosion.
However, when surrounded by an aggressive environment, passivation can be lost by
two different mechanisms. The first is due to the income of substances that diminish the
pH of the electrolyte in the pores, such as carbon dioxide from the atmosphere, which
produces carbonation —and acidification— of the concrete, and which usually leads to
generalized corrosion. The second is due to the income of substances that produces a local
acidification and break the passivation layer, such as chlorides, which may filter from marine
environments or molten salt, and which typically lead to pitting and localized corrosion.
Corrosion at a portion of steel surface occurs when Fe2+ iron ions are dissolved into
the aqueous solution while two electrons are freed inside the metal. The corresponding
electrochemical reaction can be written as
Fe ! Fe2+ + 2e

(1.1)

and is called the anodic reaction.
For corrosion to proceed, a closed electrochemical circuit is required in which the foregoing freed electrons move inside the metal up to a so called cathodic region where they
react with other chemical species present in the electrolyte. For alkaline solutions, the corresponding cathodic reaction is
1
H2 O + O2 + 2e ! 2OH
(1.2)
2
in which hydroxide anions are produced by reaction of the electrons with water and molecular oxygen dissolved in it.
Then secondary reactions involving the formation of iron II hydroxide, iron III hydroxide and other oxide-hydroxides will take place, as illustrated by the following three
sequential reactions:
Fe2+ + 2OH ! Fe(OH)2
4Fe(OH)2 + 2H2 O + O2 ! 4Fe(OH)3
2Fe(OH)3 ! Fe2 O3 H2 O + 2H2 O

(1.3)

Those products have a specific volume greater than that of the base steel, due to the combination of iron with O and (OH) and further binding with H2 O to form hydrated oxides,
and are the responsible of the consequent cracking of the concrete surrounding the steel.
2
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Initial section

Corroded section

base steel

oxide

crack

x
(corrosion depth)

Figure 1.2: Cracking in concrete due to the expansion of oxide, adapted from Andrade et al. (1993).

Studying the whole process of corrosion covers a wide range of aspects that are object of
investigation per se, such as analyzing the transport of aggressive agents through the cover
towards the reinforcement and determining the threshold concentration at which corrosion
of steel stars, phenomena that belong to the initiation period, according to Tuutti’s model
(Tuutti, 1980), or investigating the factors affecting the rate of corrosion and predicting the
effects of corrosion on the surrounding concrete, phenomena that fall within the propagation
period as defined in Tuuti’s model.
Since the present work concentrates mainly on the mechanical response of the concrete
and of the corrosion products, among the many factors influencing the propagation period,
it is assumed that all the aggressive agents have already reached the steel in adequate concentrations for the corrosion process to start, and no further analysis of the initiation period
will be made (see Alonso et al., 2000 and Martin-Perez et al., 2001 as reference studies of
the aspects related to the initiation period).
From the cathodic reaction in Equation (1.2), it is evident that the availability of humidity and O2 controls the corrosion process, but also the temperature and the electrical
resistance of concrete affect it, among other factors. Moreover, the supply of O2 determines
the type of oxide that is generated and, thus, on the resulting increase in volume (Tuutti,
1982). To measure the instantaneous rate of corrosion of the reinforcement, electrochemical techniques are used, which are based on Stern and Geary’s equation (Stern and Geary,
1957). See the ASTM C876 standard and the RILEM TC 154-EMC recommendation for
the procedures, Andrade (1973) and Andrade and González (1978) for the first results of
the polarization resistance method in reinforced concrete, and Andrade and Alonso (1996)
for a revision of the method. The application of such techniques to structures corroding in
natural environments have led to a best understanding of the factors affecting the corrosion
rate, although it is out of the scope of this work (see Andrade et al., 2002 as a reference
study).
With regard to the effects of corrosion, Fig. 1.2 illustrates a simple case in which a uniform corrosion is assumed, and so a layer of steel of depth x, so-called corrosion depth, is
transformed into oxide at a given time. Thus, there is a reduction in the net cross-sectional
area of the reinforcement, which leads to a decrease in the overall safety of the structure;
however, long before a significant reduction is achieved, the volumetric expansion of oxide can lead to cracking of the surrounding concrete, as schematically shown in Fig. 1.2.
The cracking of concrete induces loss of confinement with the corresponding loss of bond,
and, in advanced stages, spalling of the concrete cover. The present work focusses on the
3
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cracking of concrete and the loss of bond induced by the presence of the oxide layer.
The amount of steel that is transformed into oxide is inferred from Faraday’s law, assuming perfect efficiency of the current: For a general case of a metal corroding, the total
electric charge (in A s) exchanged when oxidizing n mols of metal is calculated as:
It = nF z

(1.4)

where I is the applied current, assumed to be constant in time, t is the time, F is Faraday’s
constant (96.49 kA s/mol) and z is the valence number of the ions. From the number of
mols and the molar mass Mm of the metal, the corroded mass of metal m, and its volume
Vm , can be calculated as:
m=

Mm
It
Fz

Vm =

m
Mm
=
It
ρ
ρF z

(1.5)

where ρ is the density of the metal. When uniform corrosion can be assumed and for
corrosion depths much less than the radii of curvature of the steel surface, the depth x(t) at
any given time t is given by
x(t) =

Mm
Mm
Vm
=
It =
it
S
ρSzF
ρzF

(1.6)

in which S is the area of the corroding surface and i = I/S the current density. If the
current density is not uniform, the last equation may still be taken as a valid relation for the
local corrosion depth, as long as the depth is small compared to the linear dimensions of the
corroding area. If the current intensity is not constant in time, the foregoing equation must
be written as a rate equation, and then integrated, i.e.,
Z
dx
Mm
Mm t 0
=
i
and
x(t) =
i(t ) dt0
(1.7)
dt
ρzF
ρzF 0
Substituting into the previous equations the constants for the case of corrosion of steel
(i.e., Mm = 55.8 g/mol for the molecular mass of iron, ρ = 7.85 g/cm3 and z = 2, assuming
that ions Fe2+ are generated during the process), we get the well known expression from
Alonso et al. (1998), which is widely used to calculate the corrosion depth of structures in
outdoor conditions:
Z t
x(t) = 0.0116 i t ,
or
x(t) = 0.0116
i(t0 ) dt0
(1.8)
0

where i must be expressed in µA/cm2 and t in years, and x results in mm.

1.2.2

A few essential experimental results on effects of corrosion

Corrosion of the reinforcement in real structures exposed to aggressive environments
is, fortunately, a slow process, and a complex one. Indeed, in the natural corrosion induced by chlorides, the anodic and cathodic areas are not well defined, and neither are the
exact boundary conditions, which are shadowed by the random evolution of temperature,
humidity and environment composition. The long-term tests, although crucial to check the
predictive models, are, thus, expensive and difficult to interpret. For that reason, when
investigating its mechanical consequences, corrosion of the reinforcement is normally accelerated in order to reduce the time of testing and to have in control the main variables of
the tests.
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reinforcement: anode
I
water or wet sponge:
electrical contact

external
electrical source

counter-electrode: cathode

Figure 1.3: Sketch of accelerated corrosion tests.

One of the possibilities is to add aggressive agents to the mixture to accelerate depassivation of the steel and then let the specimens to corrode in natural conditions, but it may still
take a long time for the effects of corrosion to manifest. For example, 0.72 to 3.85 years for
time-to-corrosion cracking are reported in Liu and Weyers (1998) for slabs with a content
of chlorides higher than 1.53% by weight of cement and for cover/diameter ratios ranging
from 1.6 to 4.8.
Another alternative is to additionally impose an electrical current between the reinforcement and a counter-electrode in such a sense of circulation that oxidation of the reinforcement is enforced, with which time-to-cracking is reduced to the order of days, depending on the applied current and the geometry of the specimen. The flow of current can be
achieved by imposing an external constant difference of potential or an external constant
intensity; this last procedure is the so-called impressed current technique (Andrade et al.,
1993; El Maaddawy and Soudki, 2003; Caré and Raharinaivo, 2007) and is the option chosen in the present work. Fig. 1.3 shows a sketch of an accelerated corrosion tests, with the
reinforcement or working electrode acting as the anode, thus suffering oxidation, a counterelectrode acting as the cathode and a wet sponge —or water if submerging the specimen—
to provide electrical contact between the electrodes.
It should be noticed that, in spite of the advantage of reducing the time of testing, the
rate of corrosion in accelerated tests may be much higher than that observed in structures
corroding in natural conditions (Andrade et al., 1996), which may affect the type of oxide generated. However, Faraday’s law for steel dissolution has been shown to hold for
chlorinated concrete within the range 100–500 µA/cm2 (El Maaddawy and Soudki, 2003;
Caré and Raharinaivo, 2007). Hence, as described in Chapter 2, densities of current up
to 400 µA/cm2 were selected in the present work to minimize the duration of the tests, although some series of tests were run with current densities closer to the natural rates —100
and 25 µA/cm2 — to assess the influence of the density of current on the experiments.
Accelerated corrosion tests have been used in many experimental works, highly contributing to a better understanding of the effects of corrosion. One of the pioneering works
is that from Andrade et al. (1993), in which the amount of electrical charge —i.e., the factor It in Eq. (1.6)— necessary to induce initiation of cracking was measured. It was then
possible to find the time to first cracking one can expect in a real structure given the real
average corrosion rate. Further research of Andrade’s group sought for the influence of
other factors affecting corrosion-induced cracking, such as the cover-to-diameter ratio, the
quality of concrete and the rate of corrosion (Andrade et al., 1996; Alonso et al., 1998).
With regard to development of cracks, some authors have reported information about the
evolution of the strain in concrete (Andrade et al., 1993; El Maaddawy and Soudki, 2003),
the crack width (Alonso et al., 1998; Vu et al., 2005), or the patterns of cracks observed by
visual inspection at the concrete surface for advanced states of cracking, with cracks wider
than 0.25 mm (Cabrera, 1996; El Maaddawy and Soudki, 2003).
5
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Other authors have focussed their attention on investigating the loss of bond for various
losses of section in cracked specimens (Al-Sulaimai et al., 1990; Almusallam et al., 1996;
Cabrera, 1996), the flexural capacity of the structures (Almusallam et al., 1996; Cabrera,
1996; Rodríguez et al., 1997) or the mechanical properties of steel (Maslehuddin et al.,
1990; Muñoz, 2009). Worthy of mention are the tests of hydraulic pressurization from
Allan and Cherry (1992), in which the volumetric expansion of oxide was simulated by
pumping hydraulic oil at the steel/concrete interface, assessing the influence of some of
the mentioned factors. In recent works, new sophisticated techniques have been applied
in combination with accelerated corrosion, such as X-ray attenuation measurements and
digital image correlation, to monitor the development of corrosion products and to measure
the deformations between steel and mortar (Caré et al., 2008; Michel et al., 2011; Pease
et al., 2012; Michel et al., 2014).
However, there are still many uncertainties about the type of oxide generated and its
characteristics, which are crucial in the models, due to the difficulty to perform on-site
measurements. Moreover, there are some unknowns about the process of cracking itself, especially about initiation of cracking, due to limitations in the instrumentation of the cracks.
For example, strain gages provide continuous measurements when glued prior to accelerated corrosion (Andrade et al., 1993), but they may fail to capture any crack unless a large
amount of gages is used, since the exact position of a crack varies from test to test due to
the heterogeneity of concrete; on the other hand, if displacement transducers are glued once
a crack is visible, then further widening is measured exactly perpendicular to the crack (Vu
et al., 2005), but no information is obtained about the cracking process before the crack gets
visible (which, with the help of a magnifying glass, corresponds to crack openings of about
50 µm).
With regard to the tests set-up, a wide variety of accelerated corrosion tests has been
found in the literature. In most of them, the specimen was partially submerged in water,
with the reinforcement parallel to the free surface of liquid and an external counter-electrode
partially or totally submerged (Almusallam et al., 1996; Cabrera, 1996; Vu et al., 2005;
Michel et al., 2011; Pease et al., 2012). In other works the specimen was totally submerged
(Al-Sulaimai et al., 1990; Rasheeduzzafar et al., 1992; Caré and Raharinaivo, 2007; Caré
et al., 2008) and still in other cases the electrical contact was provided by wet sponges
(Andrade et al., 1993; Alonso et al., 1998). Exceptionally, a case has been found with a bar
embedded in concrete acting as the counter-electrode and with the specimen being wrapped
to avoid drying of the surface (El Maaddawy and Soudki, 2003).
To study loss of bond, most of the researches used pull-out tests (Al-Sulaimai et al.,
1990; Almusallam et al., 1996; Cabrera, 1996) with some variants with respect to the loading of the specimens. An alternative push-out method has been devised to test bond in the
present work; it will be described in Sec. 2.7.

1.2.3

Models to simulate corrosion of the reinforcement

Although experiments are essential to study the effects of corrosion in reinforced concrete, the benefit of using numerical models to predict them is evident, due to the tests being
time-consuming and costly. Moreover, numerical models contribute to interpret the experimental results or to assess the influence of factors whose effect can not be independently
tested or measured.
Hence, many works have been devoted to obtain reliable models that reproduce corrosioninduced cracking, from Bazant’s physical model in 1979 (Bazant, 1979a,b) and the finite
6
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element model from Molina et al. (1993) to the most recent models published in the last
years.
According to the mathematical approach to the problem, mainly two families of studies
are found in the literature: analytical models based on the thick-walled tube theory that
consider cracking occurring in a cylinder surrounding the reinforcement, independently of
the geometry of the specimens (Liu and Weyers, 1998; Pantazopoulou and Papoulia, 2001;
Martin-Perez and Lounis, 2003; Bhargava et al., 2006; Caré et al., 2008), or finite element
models that account for the geometry of the problem, whose development has been possible
due to the spread of computational tools (Molina et al., 1993; Val et al., 2009; Sánchez et al.,
2010; Guzmán et al., 2011; Solgaard et al., 2013). The model developed in the present work
belongs to the latter category.
Somewhat more complex and worthy of mention are coupled models that calculate the
time for initiation of corrosion and take into account the effect of cracks in the ingress of
chlorides (O bolt et al., 2010; Tavares, 2013), the chemical factors affecting the density of
current (O bolt et al., 2011) or the transport of oxide within the cracks (O bolt et al., 2012).
There are also approaches that incorporate special features to build models at a structural
level. For example, Martin-Perez and Lounis (2003) consider the uncertainties associated
with corrosion-induced damage by modeling them as random variables, and the model from
Sánchez et al. (2010) calculates the damage at the section level and considers it to predict
the structural response of reinforced concrete members.
Independently of the mathematical framework, one of the main differences between the
various models for corrosion-induced cracking is how fracture of concrete is reproduced,
and so, many variants are found depending on its theoretical and numerical modeling as
described in the next section, as for example considering concrete as a linear elastic material limited by its tensile strength (Liu and Weyers, 1998; Martin-Perez and Lounis, 2003;
Caré et al., 2008), applying Linear Elastic Fracture Mechanics (Ohtsu and Yosimura, 1997;
Leung, 2001), implementing smeared cracking (Molina et al., 1993; Pantazopoulou and Papoulia, 2001; Bhargava et al., 2006; O bolt et al., 2010), or discrete cracking (Sánchez et al.,
2010; Guzmán et al., 2011; Solgaard et al., 2013; Sanz et al., 2013). A further difference is
whether the path of cracks is imposed a priori, as in Michel et al. (2010) and Solgaard et al.
(2013), or is free, as in Guzmán et al. (2007, 2011) and Sánchez et al. (2010), and also in
the present work.
Another relevant aspect of the models is how oxide and its action are introduced. For the
sake of simplicity, the action of oxide was considered in some models as a uniform displacement or a uniform pressure that was imposed at the inner boundary of concrete, ignoring
the steel and the oxide (see Bazant, 1979b, Liu and Weyers, 1998 and Pantazopoulou and
Papoulia, 2001 for examples of imposed displacement and Ohtsu and Yosimura, 1997 and
Martin-Perez and Lounis, 2003 for examples of imposed pressure). More complex models
account for the deformability of steel (Bhargava et al., 2006) and model the mechanical
behavior of oxide (Guzmán et al., 2007; Sanz et al., 2008; Val et al., 2009; Sánchez et al.,
2010; Michel et al., 2010; Guzmán et al., 2011; Solgaard et al., 2013; Sanz et al., 2013).
This view is adopted in the present work, since the properties of the oxide layer seem to be
essential to properly describe cracking, as will be discussed later in Sec. 4.
The use of those models together with experimental results during the last decades have
contributed to state key ideas about oxide behavior. In particular, two models served as a
starting point for the one developed in the present work: Molina et al. presented in 1993 a
finite element model with smeared cracking and assumed a fluid-like behavior for the oxide
(Molina et al., 1993), which was used as the basis for modeling oxide in this work; on the
7
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Figure 1.4: Relative volume of the molecules of oxide respect to steel. Figure adapted from Mehta and Monteiro, 1997.

other hand, Guzmán et al. presented in 2007 a model with discrete cracking using elements
with embedded adaptable cracks (Guzmán et al., 2007); however localization of cracks was
not achieved until advanced stages of corrosion, due to the assumed perfect bond between
steel and concrete. These results motivated the development of the expansive joint element,
which is one of the key contributions of the present research.
Despite of the great development and advance in the models, there are still some uncertainties about the constitutive parameters of oxide, due to the difficulty to test them directly,
as mentioned in the previous section. A crucial parameter is the expansion ratio of oxide,
which depends on the specific species of oxide formed. Fig. 1.4 shows the volume of some
species relative to the base steel, which is based on Nielsen’s work (Nielsen, 1976; Herholdt
et al., 1985). According to that figure, the oxide occupies a volume ranging approximately
between 2 and 6.5 times that of the base steel, depending on the type of oxide generated,
which is actually the unknown. In the experimental and numerical work presented by Andrade et al., an expansion of 2.0 was reported for accelerated corrosion tests with 10 and
100 µA/cm2 (Andrade et al., 1993; Molina et al., 1993). Michel et al. (2011) assessed the
presence of Fe2 O3 and Fe3 O4 by X-ray attenuation in accelerated corrosion tests with an
impressed current of 250 µA/cm2 , which corresponds approximately to expansion ratios
of 2.0. However, higher values are reported in other works, as 2.94 for experiments with
100 µA/cm2 by Vu et al. (2005), 3.39 by Bhargava et al. (2006) based on the experimental
results in Liu and Weyers (1998) or 6.5 for experiments with 100 µA/cm2 by Caré et al.
(2008).
It should be noticed that the term expansion ratio is normally used to refer to the ratio
between the specific volumes of oxide and steel vox /vst , as in the preceding discussion;
however, as depicted in Fig. 1.5, the net volumetric expansion might be considered in other
cases, which refers to the extra volume of oxide with respect to the initial steel (i.e., the
volume of oxide after subtracting the consumed volume of steel) and is related to the socalled expansion factor β which, as shown in Fig. 1.5, equals the expansion ratio minus
one.
In most of the experimental inferences of the expansion ratio, what is in fact determined
is an effective expansion ratio, because it is assumed that all the corrosion product formed
is allocated between the steel and the concrete. In reality, some of the oxidization products
can diffuse or flow through the porous network of concrete, and through the newly formed
cracks, and thus, the effective expansion is less than the “true” expansion ratio. This is taken
explicitly into account in some approaches; for example Liu and Weyers (1998) introduced
8
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Figure 1.5: Physical meaning of the expansion factor β in numerical models, as a function of the ratio of the
specific volume of oxide and steel vox and vst .

the so-called porous zone, consisting on a region around the steel-concrete interface that
simulates the pores of concrete and accommodates oxide before it begins exerting pressure
and, thus, delays initiation of cracking; such a concept was incorporated in other works
(Bhargava et al., 2006; Guzmán et al., 2011; Solgaard et al., 2013) and led to recent experimental works dealing with its characterization (Pease et al., 2012; Michel et al., 2014).
Diffusion of oxide into the cracks has also been pointed out as a crucial aspect that may
decrease the effectiveness of expansion once cracks open, although its direct experimental characterization is still unresolved; in that sense, Pantazopoulou and Papoulia (2001)
calculated the total volume of cracks in their model, and, more recently, Val et al. (2009)
demonstrated that filling of cracks with oxide is progressive and quantified the amount of
products that are dissipated within the pores and cracks.
Even more uncertainty exists with respect to the stiffness of the oxide layer. For example, Molina et al. (1993) assumed a bulk modulus of the oxide equal to 2 GPa, similar to that
of water; Caré et al. (2008) reported an elastic modulus of 0.14 GPa, which was estimated
from experimental observations of the thickness of the rust layer and analytical calculations
in a hollow cylinder model; Pease et al. (2012) reported that the elastic modulus might
range between 2.0 and 20 GPa, which was estimated by fitting the deformation between
steel and mortar measured by digital image correlation and the numerical simulations with
a FE model with a line of interface elements to simulate cracking at the cover (Michel et al.,
2010).
After this review about corrosion and about the experimental and numerical works related to corrosion-induced-cracking, in the following section we present the main concepts
and models of fracture of concrete.

1.3

Models for fracture of concrete

One of the main differences in the models for cracking due to reinforcement corrosion
is how fracture of concrete is reproduced; hence, a brief presentation of its main aspects,
attending to its theoretical and numerical modeling, is included in this section.
With regard to its theoretical behavior, many methods have been found in the literature
that are grouped in two main families, according to the classification by Planas et al. (2003):
those that describe fracture of concrete by means of discrete cracks and those that are based
on continuum formulations. Some examples from the first group are Linear Elastic Fracture Mechanics, the equivalent elastic crack and the cohesive crack models, and from the
second group, the crack band —implemented as smeared cracking—, gradient and nonlocal models or the strong singularity approach (see Elices and Planas, 1996, Bazant and
Planas, 1998, Elices et al., 2002 and Planas et al., 2003 for a description and discussion
of the use of the different models). From those, the models used more frequently to study
9
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Figure 1.6: Stress-elongation relation in quasi-brittle materials. Model of fictitious crack, introduced by Hillerborg et al. (1976) (a) and standard cohesive model (b). Figure by J. Planas, adapted from Bazant and Planas
(1998).

corrosion-induced cracking are Linear Elastic Fracture Mechanics, smeared cracking and
cohesive cracking, although linear elastic behavior was also used in some works to simplify
the computations.
In Linear Elastic Fracture Mechanics, a crack propagates when the stress intensity factor
—that depends on the geometry of the specimen, including the crack itself, and on the
loading— exceeds the fracture toughness, a material property, resulting in separate parts
that do not interact, i.e., the crack faces are free from stresses; such kind of model must be
seen as a very crude approximation, since it is only valid for brittle materials, and concrete
rather behaves as a quasibrittle material, as described in Bazant and Planas (1998).
Smeared and cohesive cracking models describe progressive failure of the concrete and,
in many circumstances, are seen as equivalent, at least in the numerical implementations.
A cohesive crack is geometrically described as a classical crack, with a well defined crack
opening, but, unlike a classical crack, stress (the cohesive stress) is transferred between its
faces; the cohesive stress progressively decreases from the tensile strength down to zero
as the crack opens. In smeared models, cracking is assumed to be distributed over a band
of a given width, and a stress-strain formulation with strain softening is used to describe
progressive fracture. See Bazant and Planas (1998) for a detailed account of similitudes and
differences between the two approaches.
In this work, the cohesive crack model has been chosen. This model was first applied
to concrete by Hillerborg et al. (1976), who called it fictitious crack model. Later, the
denomination cohesive crack model was adopted because of the similitude with models of
that name used in other scientific fields.
To explain the basis of the cohesive crack model, Hillerborg used a virtual ideal uniaxial
tensile tests (described in Petersson, 1981), a modern version of which is presented next:
Fig. 1.6(a) sketches the stress versus elongation curve that would be obtained in such an
ideal uniaxial tests, together with a few snapshots of the state of the specimen at various
points during the test. Initially, the specimen elongates uniformly following the blue curve
OAB and both its strain and its stress are uniform as depicted in sketch (i). When the tensile
strength ft is reached, at point B, a cohesive crack appears at the most unfavorable section
10
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Figure 1.7: Approximations of the softening curve of concrete: bilinear curve (ABC) and linear curve (AB’),
and parameters that define them, where ft is the tensile strength of concrete, w1 is the horizontal intercept of
the first branch with the abscissas axis, GF is the fracture energy of concrete, (wk , σk ) are the coordinates of
the break point and wc is the critical width —the width at which the stress of the bilinear curve is zero.

(ii); it carries a cohesive stress equal to ft . As the elongation further increases, the crack
opens and the cohesive stress σ that is transmitted at its faces decreases following the red
curve BC while the un-cracked material unloads following the green curve BC’. The function σ = f (w) which relates the crack width and the stress is the so-called softening curve
of concrete. This model, which may describe nonlinear behavior of the bulk, uncracked
material, is usually simplified into the well-known standard cohesive model, depicted in
Fig. 1.6(b), in which it is assumed that the bulk, uncracked concrete behaves as a linear
elastic solid and thus the loading and unloading curves coincide and are linear.
The softening curve f (w) is assumed to be a material property. Careful early experiments showed that the softening curve of concrete is strongly non-linear (Petersson, 1981),
and various analytical approximations of it have been proposed to simplify the calculations,
such as linear, bilinear and exponential curves (see Bazant and Planas, 1998 for a review of
the various proposals).
Figure 1.7 sketches a general softening curve and its bilinear approximation (curve
ABC), which produces reasonably good predictions of crack evolution and can be determined in relatively simple tests. The bilinear curve is defined by four parameters, namely,
the tensile strength of concrete ft , the fracture energy GF (the area under the σ–w curve),
the horizontal intercept of its first branch with the abscissas axis w1 and the stress at the
kink point σk . The first linear segment branch provides a linear curve (line AB’) that is
adequate to describe initiation of cracking; it is defined by the tensile strength ft and the
horizontal intercept w1 ; the linear approximation can be used for quick assessment of the
cracking behavior up to crack openings of the order of w1 , and for parametric studies, since
the computations with the linear curve are faster.
To characterize the softening curve of concrete, the experimental method described
in the final report of the Committee RILEM-TC-187-SOC (Planas et al., 2007) and in a
proposal to the Committee 446-ACI (Planas et al., 2002) was followed. It combines the
results of stable three-point bending tests —in which a crack propagates in a controlled
manner— and diagonal compression tests —performed following the recommendations
found in Rocco (1996) and Rocco et al. (1999a,b)— and calculates a bilinear approximation of the softening curve using an inverse analysis which is based on the results reported
11

Chapter 1. Introduction

n

w
t

n

(a)

(b)

Figure 1.8: Finite elements with an embedded adaptable crack: description of the cracks in a piece-wise way
(a) and central forces model at each element (b). Adapted from Sancho et al. (2007a).

in Guinea et al. (1994) and Planas et al. (1999).
To implement the cohesive behavior of concrete into finite element formulations, both
discrete crack models and their smeared counterpart have been used since the generalization of the model in the early 1980s after the pioneering work of Hillerborg et al. (1976).
Nowadays, these approaches can still be found in many commercial packages, but since
the advent of the Strong Discontinuity Approach (Simo et al., 1993; Oliver, 1996), elements
with embedded cracks have been extensively used. These elements incorporate the cracks as
a jump in their displacement field and, thus, permit to calculate freely the path of the cracks
without need of re-meshing (see Jirásek, 2000 for some examples of embedded elements
and a discussion of their utilization).
In particular, in this work, finite elements with an embedded cohesive crack with limited
adaptability are used (Sancho et al., 2007a,b). Those elements are implemented within the
finite element framework COFE (Continuum Oriented Finite Element) programmed by J.
Planas and J.M. Sancho.
In the simulations, a crack is described as a piece-wise juxtaposition of elementary
cracks, as depicted in Fig. 1.8(a). The simplest 3D extension of the standard cohesive crack
under pure opening mode is implemented in the elements: when there is shear, the cohesive
forces are assumed to be central, as depicted in Fig. 1.8(b), i.e., they are parallel to the
displacement vector of the crack faces, and then the modulus of the traction vector and the
displacement vector are introduced in the softening function as jtj = f (jwj). For unloading,
a damage-like model is implemented that unloads to the origin; then the full equation of the
traction vector is:
f (w̃)
w
w̃(t) := max(jw(τ )j; τ t)
(1.9)
t=
w̃
The limited adaptability is a numerical expedient to avoid crack locking while keeping the
formulation strictly local. It allows the crack to adapt its direction to the stress field while
its opening is small, less than a threshold value wth which is set to be a fraction of w1 ,
the horizontal intercept of the initial linear approximation of the softening curve; typically,
wth = 0.2 w1 .

1.4

Methodology and objectives

From the previous analysis of the current experimental and theoretical background, it
follows that there is a lack of sound knowledge regarding the mechanical behavior of the
oxide layer forming during steel corrosion in concrete. Thus, the generic objective of this
12
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thesis was to develop and apply a methodology to gain further understanding of the behavior
of the system steel-oxide-concrete.
Since the oxide layer is not accessible for testing in real time, we selected a methodology
consisting in a combination of carefully designed tests and numerical simulations.
One of the key issues in such a combined methodology is that the geometry and boundary conditions in the tests must be as clear and well defined as possible, so that the numerical
simulations can accurately reproduce, at least in principle, the experimental response.
On the other hand, it follows from the analysis of the existing literature that traditional
tests using commercial reinforcing bars are relatively insensitive to the details of the mechanical behavior of the oxide layer, with the exception of the expansion ratio. This is due
to the fact that all the measurements are usually performed on the surface of the specimen,
where the details of the stress and strain distribution in the oxide layer have faded away.
To get more experimental information about the internal stress and strain distribution
closer to the oxide layer, we proposed to test concrete prisms with a steel tube instead of a
rebar. This allows further measurements to be carried out along the tests, in particular, the
variation of the inner diameter and volume of the tube can be measured.
Further experimental information concerning the specimen state at the end of accelerated corrosion can also give insight on how the corrosion proceeds. In particular, crack
patterns, iron distribution in the cracks, gravimetric confirmation of the applicability of
Faraday’s law and residual adhesion tests were planned.
For the numerical simulation of the problem, the cohesive crack model and the numerical implementation of it was selected from the very beginning due to its availability,
conceptual simplicity and good results in other fields.
For an adequate prediction of concrete cracking, full fracture characterization of the
concrete had also to be carried out in independent tests.
With these constraints in mind, the particular objectives of the research can be stated as
follows:
• Design experiments with clear boundary conditions that can be reproduced in numerical simulations, with plane current field, resulting in plane strain field and uniform
corrosion along the tube, so that numerical simulations using 2D FE models of the
specimens are accurate.
• Design instruments to monitor the deformation of the tube during accelerated corrosion, adaptation of extensometers to measure crack width at the middle section of
the specimens and fabrication of the remaining elements integrating the experimental
set-up.
• Experimental characterization of cracking during accelerated corrosion, for various
densities of current, monitoring the deformation of the tube, the crack width and the
electrical variables.
• Design and apply a methodology to reveal the pattern of cracking in slices of the
corroded specimens.
• Assess the penetration of oxide within the cracks by means of energy-dispersive Xray spectroscopy system.
• Develop and apply an experimental device to test the bond between the steel and the
concrete after corrosion.
13
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• Develop a numerical model implementing the expansion and deformation of the oxide
layer by means of an interface element extending the existing finite element framework COFE.
• Create finite element models of the full corrosion test using the extended finite element framework.
• Carry out a parametric study of the constitutive parameters of oxide and determine
the optimum values to fit the numerical results to the experimental observations.
• Complementarily to those main objectives, standard characterization is necessary to
determine the fracture properties of the concrete and the loss of weight of the reinforcement after corrosion.
An outline of the experiments and numerical simulations, and their relationships is
shown in Fig. 1.9.

1.5

Outline of the thesis

The thesis is organized into five chapters, including this one, and four appendixes that
contain the details, for the sake of a better readability.
Chapter 2 describes the experiments. In the first section, the materials and specimens
are presented. Next, the various types of test are explained in individual sections: tests for
mechanical characterization, accelerated corrosion tests, analysis of the pattern of cracking,
EDX analysis and push-out tests. For each test, the specific preparation of specimens and
the procedure are detailed; for those tests with a special instrumentation or design, specific
subsections are included to present their basis.
Chapter 3 expounds the results of the experiments as required for a proper interpretation
and discussion. Where necessary, the individual results of the tests are given in an appendix.
Chapter 4 describes the numerical modeling and fit to the experimental results. First,
the numerical model is presented and next the parameters and the results of the simulations.
From the comparison with the experimental results, important aspects about the parameters
of oxide are disclosed. Then the optimum values for those parameters are determined and
definitive simulations of the tests carried out, from which interpretation of some experimental results is possible.
Chapter 5 summarizes the main conclusions of this thesis and draws a few lines for
future research.
Finally, the appendixes complete this document: Appendix A displays the nomenclature, Appendix B describes the details of the characteristics of the materials and the experimental devices, Appendix C displays the experimental results of each specimen and
Appendix D includes the equations of the model, the details of the parametric study and the
determination of the optimum parameters of the oxide layer.
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Figure 1.9: Outline of the experiments and numerical simulations in this work, where main CMOD stands for
the width of the main crack, ∆D for the variation of inner diameter and ∆V for the variation of inner volume
of the tube, I and V for the electrical variables during accelerated corrosion, x for the corrosion depth and fc ,
ft , E and GF for the fracture parameters of concrete.
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Description of the experiments
2.1

Outline of the experiments

As pointed out in the previous chapter, to gain more insight in the way the corrosion
product interact with the steel and the surrounding concrete it was decided to investigate the
behavior in accelerated corrosion of prisms reinforced with a tube, instead of a bar, with the
aim of obtaining further information by measuring the variations of the inner diameter and
volume of the tube.
Since the experimental results will be processed using numerical models, it is essential to select the geometry as simple as possible but with clear boundary conditions and a
dominant mode of failure (i.e., a single main crack). Thus a prismatic —nearly cubic—
specimen was selected with the axis of the tube lying in one of the planes of symmetry, as
shown in Fig. 2.1(a) and (b), but neatly eccentric relative to the other. In this way, it could be
expected that a single main crack would develop across the cover. In the first experiments
it was assessed that this was indeed the case, and that, although there were approximately
between three and six secondary cracks, as schematically shown in Fig. 2.1(c), their opening was much less than that of the main crack and none of them reached the surface of the
specimen.
An outline of the experiments is shown in Fig. 2.2, which is described next. Each of
the reinforced prisms —Fig. 2.2(a)— are subjected to accelerated corrosion at a constant
imposed electrical current in a temperature-controlled environment —Fig. 2.2(b)—, with a
geometrical disposition designed to achieve plane current field during the tests, thus, resulting in plane strain field and nearly uniform corrosion along the length of the tube. In all
the tests, the main CMOD (crack opening displacement for the main crack) at the middle
section of the specimen, the electrical current (I), the electrical potential difference (V ) and
the temperature of the specimen were continuously recorded. The specimens were further
instrumented either with a specially designed diametral extensometer to measure the variation of inner diameter of the tube ∆D, or with a capillary tube designed to measure the
variation of the inner volume of the tube ∆V . From the record of electrical current, the
corrosion depth was estimated applying Faraday’s law —Fig. 2.2(c)— and assuming 100%
of efficiency of the current, and the curves of potential difference, main CMOD, variation
of inner diameter or inner volume versus corrosion depth were analyzed.
After accelerated corrosion, the specimens were cut into slices —Fig. 2.2(d). Two
slices per specimen were impregnated under vacuum with resin containing fluorescein —
Fig. 2.2(e)— to study the pattern of cracking along the tube, providing the pattern at four
cross-sections per specimen. A representative selection of those slices was analyzed in a
17
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Figure 2.1: Geometry of the concrete prisms for accelerated corrosion tests.

scanning electron microscope using energy-dispersive X-ray spectroscopy analysis (EDX)
—Fig. 2.2(f)—, to obtain the map of oxide within the cracks. Finally, one slice per specimen —normally the central one— was used to determine the bond between the steel and
the concrete in push-out tests —Fig. 2.2(g)—, for which a device was designed to push the
tube while measuring the relative displacement between the tube and the concrete. After
the tests, the tubes were totally pushed out of the concrete —Fig. 2.2(h)—; the extracted
tubes were used in gravimetric measurements to determine the loss of weight of the steel
during accelerated corrosion. The loss of weight was also measured in prisms not subjected
to accelerated corrosion, to determine the initial corrosion depth.
Complementarily, mechanical tests were carried out on standard cylinders and beams
to characterize the fracture behavior of concrete at the age of 28 days for each batch; in
particular, three cylinders were tested in compression to determine the compressive strength
fc —Fig. 2.2(i)—, three cylinders in diagonal compression tests to determine the tensile
strength ft —Fig. 2.2(j)— and four beams were notched and subjected to stable three-point
bending tests —Fig 2.2(k)—; from the load-displacement curve —Fig 2.2(l)— the bilinear
approximation of the softening curve was determined as sketched in Fig 2.2(m).
The fracture parameters obtained in the mechanical tests will be used as input for the
concrete in the numerical simulations of the corrosion tests; the results of accelerated corrosion —Figs. 2.2(c) and (d)—, in particular the main CMOD, variation of inner diameter, the
variation of inner volume and the pattern of cracking, will be compared to those obtained
in the simulations, which will permit to disclose essential aspects about the behavior of the
oxide.
In the remaining of this chapter, the main aspects of the tests just outlined are presented
as follows: Sec. 2.2 describes the materials and fabrication of specimens. Sec. 2.3 outlines the tests for mechanical characterization of concrete. Sec. 2.4 presents the accelerated
corrosion tests, including the designed instruments, the procedure during the tests and the
measurement of the gravimetric loss. Sec. 2.5 presents the preparation of slices to study the
pattern of cracking and Sec. 2.6 the EDX analysis. Finally, Sec. 2.7 describes the push-out
tests to characterize the bond between the steel and the concrete. For the sake of a better
readability, in those sections only the main aspects of the experiments are included, while
the details are included in Appendix B. The results are presented in Chapter 3.
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Figure 2.2: Outline of the experiments for each batch of concrete, where I and V stand for the intensity and
the difference of potential during accelerated corrosion, ∆D for the variation of inner diameter and ∆V for the
variation of inner volume of the tube, main CMOD for the width of the main crack, x for the corrosion depth,
fc for the compressive strength of the concrete, ft for the tensile strength of the concrete and w for the crack
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2.2

Materials and fabrication of specimens

2.2.1

Concrete

A relatively porous concrete was fabricated in laboratory conditions with Portland Cement I 52.5 R, defined in the European Standard EN 197-1, since this is the type of cement
that is utilized in the construction of elements in bridges. Siliceous sand and aggregates
were used, with a maximum size of 8 mm, limited by the cover of the specimens, according
to the Spanish Instruction EHE 2008. To produce depassivation of the steel, 3% of CaCl2
by weight of cement was added, as found in Andrade et al. (1993). The mix proportions of
concrete, determined accordingly to the Bolomey’s Method, are displayed in Table 2.1. A
content of 380 kg of cement per m3 of concrete and a water/cement ratio equal to 0.5 were
selected; demineralized water was used. In the calculations, it was considered as sand the
aggregate with size less than 3 mm. See Appendix B.1.1 for some details of the composition
and properties of the materials.
Seven batches of concrete were manufactured that were labeled from T01 to T07. To
avoid heterogeneity among the batches, the materials were acquired from a unique consignment, and they were adequately stored to avoid degradation. Batches T01 and T04 had to be
discarded: T01 because the concrete was too dry and T04 due to a breakdown in the mixer
during manufacturing.
Superplasticizer Sikaviscocrete 3425 and set retarding admixture Sikaretarder were used
to compensate for the accelerating effect of the calcium chloride, in the dosage indicated in
Table 2.2. In batches T02 and T03, both admixtures were used; however, in the last batches
the set retarding admixture was not added in case it interfered with the ions of the mixture,
and was compensated by an increase in the amount of superplasticizer.
Procedure for preparation of concrete. Concrete was prepared using a concrete mixer
with vertical axis and maximum capacity 100 l, following the European Standard EN 206-1
and some additional guidances found in Rocco (1996), as described next:
• Previous to the preparation of concrete, the aggregate was dried in an oven for 24 h
at 110ºC 1ºC, cooled and sealed with plastic until being used. Demineralized water
was prepared; half of the water was kept plain and the other half was used to dissolve
the calcium chloride; for the batches containing set-retarding admixture, it was added
to the solution containing chlorides.
• Immediately prior to its usage, the walls of the concrete mixer were wet. The aggregates were added from bigger to smaller, next the cement and they were mixed in dry
for 1 min. Then the plain water was incorporated, the salt water and finally the superplasticizer. It was mixed for 2 min, left to rest for 1 min and mixed again 1 min. The
Table 2.1: Mix proportions of concrete by weight of cement.
Water
0.5

Cement
1

Sand
2.85

Coarse Aggregate
2.05

CaCl2
0.03

Table 2.2: Dosage of set retarding and superplasticizer by weight of cement, for the different batches.

T02, T03
T05, T06, T07

Set Retarding
0.01
—

20

Superplasticizer
0.0013
0.0055
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slump of the mixture was measured according to the corresponding European Standard EN 12350-2. Then the concrete was poured into steel molds and was compacted
in a vibrating table.
• After fabrication, the specimens were kept in laboratory conditions for the first 24 h,
covered with plastic and then taken out of the molds and kept in a bath of lime saturated water in a temperature-controlled chamber at 20ºC until testing time.

2.2.2

Steel

Seamless precision carbon steel tubes E-235 compliant with the EN 10305-1 standard
were used as reinforcement in concrete prisms. See Appendix B.1.2 for details about the
composition and mechanical properties of the tubes. Prior to their usage as reinforcement,
the tubes were treated as described next.
Procedure for preparation of the tubes.
• Pieces of 119 mm in length were cut and their ends were machined to be normal to
the axis and free of any visible defect.
• Then the procedure described by Kayafas (1980) was applied to clean the surface of
the tubes: they were immersed and ultrasonically agitated during 30 s in an inhibited
acid solution consisting on 37.5% HCl plus 10 g/l of 1,3-Di-n-butyl-2 thiourea diluted
at 50% into demineralized water immediately prior to use; next, they were rinsed with
demineralized water, neutralized by immersion in a solution of calcium bicarbonate,
rinsed again with demineralized water and finally dried by immersion in propanol.
• Next, rubber caps were inserted to avoid the entrance of water during curing of the
specimens and an enamel coating was applied to both ends to prevent oxidization
during casting and curing. A central portion of 80 mm in length was kept clean to
adhere to concrete and free to corrode during accelerated corrosion tests. Two layers
of enamel were applied, that were cured for 24 h.
• After cleaning and insulation, the tubes were inserted in steel molds with the appropriate holes to hold the steel tube in place in a horizontal position and then the
concrete was poured. After taking the specimens out from the molds, another layer
of enamel was applied to the visible ends of tube to strengthen the protection during
curing.

2.2.3

Fabrication of specimens

For each batch of concrete, the following specimens were fabricated (see Appendix B.2
for a complete list):
Reinforced concrete prisms. Sixteen concrete prisms per batch were cast around a smooth
steel tube for accelerated corrosion tests, as depicted in Fig. 2.1, with a cross-section of
100 90 mm2 , 90 mm in height and a cover equal to 20 mm. The tubes were 20 mm in outer
diameter, 1 mm in thickness, with a tolerance of 0.08 mm for the inner and outer diameters, which was essential to obtain precise measurements during accelerated corrosion and
for the design of the instruments for accelerated corrosion and push-out tests, as explained
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in the corresponding sections. The tubes were 119 mm in length, so they protruded 14.5 mm
at each side of the prism to carry out the mechanical and electrical connections during accelerated corrosion. The free surface of steel being corroded during the tests was limited to
a centered portion of tube with 80 mm in length by the application of an enamel coating at
both ends, as explained before.
Beams. Four standard beams per batch were fabricated for three-point bending tests with
a cross-section of 100 100 mm2 and 500 mm in length.
Cylinders. Six cylinders per batch were fabricated for compression and diagonal compression tests with 150 mm in diameter and 300 mm in height.

2.3
2.3.1

Mechanical tests to determine the properties of concrete
Preparation of specimens for the mechanical tests

For the specific preparation of specimens for mechanical tests, a minimum age of
14 days was observed, according to the ASTM C42 standard, to ensure a minimum hardening of concrete. The operations for such preparation are explained next.
Cylindrical specimens. The bases of the cylindrical specimens were ground in order to
ensure that they were perpendicular to the axis of the cylinder, according to the tolerances
specified in the ASTM C39 standard.
Beams. A notch with a depth equal to one third of the height of the specimens (i.e.,
33 mm) was conducted using a diamond disk with a thickness less than 2.5 mm, according to Planas et al. (2007). The appropriate tools were used to ensure perpendicularity of
the notch and the longitudinal axis of the beam. The side being notched was contiguous to
the non-molded side of the beam, so the faces being loaded during the tests were the smooth
ones.
Four holes were drilled, two at each side of the notch, to fix the wedges to hold the
extensometers during the test. To avoid damage at the tip of the notch during drilling, a
pre-notch was used to provide a reference for the drills, then the drills were executed and
finally the notch was cut.

2.3.2

Compression tests

Three compression tests per batch of concrete were carried out on cylindrical specimens,
following the method described in the ASTM C39 standard, to determine the compressive
strength of concrete. Fig. 2.3 shows a general view of the assembly of the tests and a detail
of the placement of the specimens.
The loading rate during the tests was 490 kPa/s; the ultimate load was recorded. Previous to the tests, the mean diameter of the specimens was determined from the measurements
at two perpendicular diameters at the two bases and at the middle section of the cylinders.
The data for each specimen are indicated in Appendix C.1. The results are shown in Sec. 3.1.
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Figure 2.3: Compression tests: general view of the assembly (left) and detail of the placement of the specimens
(right).

Figure 2.4: Diagonal compression tests: general view of the assembly (left) and detail of the placement of the
specimen (right).

2.3.3

Diagonal compression tests

Three diagonal compression tests per batch of concrete were carried out on cylindrical specimens, to determine the tensile strength of concrete. The method described in the
ASTM C496 standard was followed, plus some additional recommendations from Rocco
(1996) and Rocco et al. (1999a,b), consisting in narrowing the width of the load-bearing
strips to 10 mm and limiting the loading rate to 500–1000 kPa/min. Fig. 2.4 shows a general
view of the assembly of the tests and a detail of the placement of the specimens.
The tests were carried out using a hydraulic machine and a load cell of 1000 kN, and
were run under control of the position of the piston, until splitting of the specimens. Dur23
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Figure 2.5: Three-point bending tests: general view of the assembly (left) and detail of the CMOD extensometer (right).

ing the tests, the load and the position of the piston were recorded. The displacement rate
was 0.60 mm/min, which was adjusted in trial tests using specimens from T02 to meet the
recommendations proposed in Rocco (1996), and a preload of 5 kN was applied to accommodate the loading plates to the generatrices of the cylinder. Previous to the test, the mean
diameter of the specimens was measured as in Sec. 2.3.2 and the mean length was determined from the measurements at four generatrices defined by two perpendicular diameters.
The data for each specimen are indicated in Appendix C.1. The results are shown in Sec. 3.1.

2.3.4

Three-point bending tests

Three-point bending tests were carried out on notched beams to characterize the softening curve of concrete, following the method described in a final report of the RILEM TC
187-SOC (Planas et al., 2007). Four tests were carried out for each batch of concrete.
A general picture of the tests is shown in the left part of Fig. 2.5. The tests were carried out using a hydraulic machine with close-loop control and were run under control of
the crack mouth opening width (CMOD), in order to guarantee stability, with self-weight
compensation; the loading span was equal to 3.0 times the depth of the specimens.
Special devices were used to ensure stable bending and to record the crack mouth opening displacement (CMOD) and the deflection of the beam, which were designed by Planas,
Guinea and Elices (Elices et al., 1997; Planas et al., 2002), as briefly described next:
• To apply the load, a cylinder was used, which could rotate around an axis perpendicular to the vertical loading plane, so uniform loading was ensured.
• The supports were two cylinders, one of which could rotate around an axis perpendicular to the loading plane to minimize the torsion. Two thick plates were glued to
the beams to provide frictionless contact.
• Two steel counterweights were clamped at the ends of the beam to compensate the
self-weight of concrete.
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• The deflection was measured using two linear linear variable differential transducers
(lvdt). A special frame held them that avoids the elastic deformation at the supports
and rests over three points defining a plane.
• The CMOD was measured using a clip-on gage. Fig. 2.5(right) shows a detail of it.
The extensometer was placed at two steel plates that were attached to the beam by
four screws. One of the plates had two cantilevers at both sides, which the lvdts rested
on. It should be noticed that the CMOD was measured not exactly at the crack mouth,
but some millimeters below, which was considered in the calculations.
The CMOD rate at the beginning of the tests was within the range 7.5–9.5 µm/min,
which was adjusted in trial tests to reach the maximum load within 3–5 min, according to
Planas et al. (2007). A preload was applied up to accommodate the loading cylinders to the
sides of the beam, ranging between 5% and 10% of the maximum load. After the peak load,
the CMOD rate was increased up to 3.0 times the initial rate once the load decreased to 2/3
of the maximum load, and up to 6.0 times once the load went below 1/3 of the maximum
load. The test was stopped when the CMOD reached 4/300 of the beam depth (1333 µm for
the specimens in this work). Previous to the test, the mean depth and height of the beams
were determined from the measurements at the two bases and at the middle section of the
beam, and, after the test, the mean notch depth from the measurement at three points. The
data for each specimen are included in Appendix C.1. The results are shown in Sec. 3.1.

2.4
2.4.1

Accelerated corrosion tests
Main aspects of the tests

Accelerated corrosion tests were carried out on reinforced concrete prisms to study
the mechanical effects of corrosion of steel on the surrounding concrete. Fig. 2.6 shows
a sketch of these experiments. During the test, the specimen was placed with the tube
in vertical position, resting on four plastic supports inside an open plastic container. A
cylindrical stainless steel tube surrounding the specimen acted as the counter-electrode.
The container was partially filled with water containing calcium chloride and the level of
water was adjusted to cover completely the lateral faces. Direct contact of the solution and
the tube was carefully avoided, as described next.
To provide electrical insulation and impermeability, the faces of the prisms perpendicular to the axis of the tubes were coated with epoxy resin (top and bottom faces in the figure).
The end of the tube that would be submerged was protected with a PVC cap that was bonded
to the epoxy coating. Additionally, a PVC ring was bonded to the top face to protect the
tube in case of slight variation in the level of water. With such a treatment for electrical
insulation, plane current field was expected during the tests, resulting in plane strain field
and nearly uniform corrosion depth along the length of the tube.
The tests were run in series of two and three specimens. All the tests were instrumented
with a type K thermocouple, to measure the temperature at the working electrode, a voltmeter, to measure the electrical potential between the counter- and working- electrodes,
an ammeter, to measure the intensity circulating through the circuit, and with a modified
commercial strain gage extensometer, to measure the main CMOD, which is described in
Sec. 2.4.2 (see Appendix B.7 for the details of the electrical instruments). For each series, one specimen was instrumented with a capillary circuit that was specially designed to
measure the variation of inner volume of the steel tube, as described in Sec. 2.4.4, and the
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Figure 2.6: Sketch of accelerated corrosion tests, elements for electrical insulation of the steel tubes and
measurements during the tests.

Table 2.3: Measurements during accelerated corrosion tests, where V is voltage difference, I intensity, ∆D
variation of inner diameter, TWE the temperature at the working electrode, Twater the temperature at the water
batch and Tamb the temperature of the ambient.
No. specimens per series
2
3

V
2
3

I
2
3

main CMOD
2
3

∆D
1
2

TWE
2
3

Twater
2
2

Tamb
1
—

remaining specimens were instrumented with a diametral strain gage extensometer that was
specially devised to measure the variation of the inner diameter of the tube, as described in
Sec. 2.4.3. Complementarily, the temperature of the water bath was measured in two tests,
one per type of instrumentation.
After the instrumentation was complete, the specimens were placed in the water batch
and constant-current sources were connected across the electrodes. Each source provides an
adjustable current up to 20 mA, in ranges of 0–20 mA and 0–2 mA, that was stable within
0.07 mA in the range of 0-20 mA, and within 0.0006 mA in the range of 0-2 mA, when the
resistance of the load circuit is reduced one order of magnitude (for some details of their
design and fabrication see Appendix B.3).
The tests were run under a constant current, as explained in the next paragraph. Except
for the level of the liquid in the capillary, all the measurements were (nearly) continuously
recorded using two 8-channel HBM Quantum MX-840 systems. Table 2.3 shows the usage
of the channels, depending on whether the series was run with two or with three tests in
parallel. In addition, pictures of the capillary were taken at regular intervals to measure (by
visual post processing) the level of the liquid in the capillary.
The details about the preparation of specimens and the procedure for the tests are described in Sec. 2.4.5 and 2.4.6. The results of the tests are discussed in Sec. 3.2.
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Table 2.4: Series of accelerated corrosion tests, indicating for each one the batch of concrete, the specimens
—denoting whether they were instrumented with a diametral extensometer (∆D) or with a capillary circuit
(∆H)—, the intensity applied I, the density of current i, the duration of the tests t and the estimated corrosion
depth x.
Series

Batch

Specimens and instrum.
I
i
∆D
∆H
(mA) (µA/cm2 )
1
T03
T0309
T0311
20
400
2
T0313
T0312
20
400
3
T0316
T0315
20
400
4
T0310
T0314
20
400
5
T05
T0503, T0509 T0510
20
400
6
T0511, T0512 T0513
5
100
7
T0514, T0515 T0516
1.25
25
8
T06
T0601, T0602 T0603
20
400
9
T0607, T0609 T0608
5
100
10∗
T0610, T0611 T0612
5
100
11
T0613, T0614 T0615
5
100
12
T0604, T0605 T0606
1.25
25
13
T07
T0701, T0702 T0703
20
400
14
T0707, T0708 T0709
20
400
15
T0704, T0705 T0706
20
400
∗
Series 10 had to be discarded due to long-lasting power failure

t
(days)
20.5
3.0
3.0
3.0
3.0
8.0
17.0
3.0
8.0
8.0
8.0
17.0
3.0
2.0
1.06

x
(µm)
253
38
38
38
38
25
13
38
25
25
25
13
38
25
13

Parameters during the tests. Series of accelerated corrosion tests were carried out with
three different densities of current and up to three different corrosion depths. Table 2.4
displays the specimens and the parameters for each series.
• First of all, four series of tests (series 1 to 4) were carried out using specimens from
batch T03, with 400 µA/cm2 , to assess the repeatability of results of specimens with
similar characteristics and corroded in the same manner; the specimens were corroded
for 3.0 days, thus the corrosion depth at the end of the test was expected to be equal
to 38 µm, calculated according to Faraday’s law and assuming 100% of efficiency of
the current, except for series 1, which was tested for a longer time to determine the
interesting intervals in the tests.
• Then series 5 to 11 were run with 400, 100 and 25 µA/cm2 up to estimated corrosion
depths equal to 38, 25 and 13 µm, using specimens from batches T05 and T06, to
investigate the influence of the density of current in accelerated corrosion.
• Finally, series 13 to 15 were run with 400 µA/cm2 up to estimated corrosion depths
equal to 38, 25 and 13 µm, using specimens from batch T07, to investigate the influence of the corrosion depth in post-corrosion tests.
It should be noticed that the density of current equal to 400 µA/cm2 is much higher than
the values observed in real structures (Andrade et al., 1996), which may affect the type of
oxide generated. However, this current density falls within the range 100–500 µA/cm2 for
which Faraday’s law for steel dissolution has been shown to hold for chlorinated concrete
(El Maaddawy and Soudki, 2003; Caré and Raharinaivo, 2007). To assess the influence
of such a high current, tests were run with lower intensities —100 and 25 µA/cm2 — as
described previosly.
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(a)

(b)

Figure 2.7: Frontal view (a) and lateral view (b) of a commercial extensometer adapted with extensions to
measure the main CMOD during accelerated corrosion tests at the points A and B, at the middle section of
the specimen. For clarity, the spring-loaded stainless steel frame providing the clamping forces is not shown;
neither is a horizontal tie attached at the extensometer case to provide rotational stability.

2.4.2

Main CMOD extensometer

To measure the width of the main crack (main CMOD) at the middle section of the
specimen, commercial extensometers were adapted with horizontal and vertical extensions
and a frame, which were designed as part of this work. In particular, two extensometers
MTS model 632-11C-21 and two extensometers INSTRON model 2620-602 were adapted,
with ranges of measurement respectively of 6500 and 4500 µm. Fig. 2.7 shows a sketch of
the extensometer with the extensions as assembled on the specimen. The main CMOD was
measured between the points labeled as A and B, which were located at 45 mm from the
top surface and at 5 mm from the nearest vertical side of concrete, for the sake of a safe
anchoring of the extensometer, as depicted in the figure. The extensometer was attached to
the specimen through two adjustable screws, which permitted to adjust the initial opening of
the extensometer at its mechanical zero, in case the initial width varied from one specimen
to another.
The extensometer was vertically supported by friction at the contact points. To increase
the frictional forces, an external frame was designed that increased the clamping forces at
the supports —Fig. 2.7(a)— by means of springs, which, for clarity, is not shown in the
figure (see Fig. B.5 in Appendix B.4 for a sketch of the frame). Special care was taken
to avoid introducing any bending in the extensometers arms. To restrict the rotation of the
extensometers around the axis defined by the points A and B, a tie was attached to the
extensometer case and to a stainless steel pillar that was glued to the top surface of the
concrete prism.
All the elements of the extensions, the frame and the pillar, were made of stainless
steel, to avoid their corrosion during the tests, except for the springs, which were made of
galvanized steel. The details of the design of the extensions and the frame are included in
Appendix B.4.1.
After assembling the extensions to the extensometers, the extensometers were calibrated
28

2.4. Accelerated corrosion tests

D0

D

(a)

D

(b)

Figure 2.8: Sketch of the functioning of the diametral extensometers, with an elastic beam that suffers double
bending for a decrease ∆D in the diameter.

using an INSTRON high-magnification extensometer calibrator G55-1M. The extensometers were found to have a linearity error less than 1.0 µm and a proportional error less than
2.2 µm for ranges of calibration of 1000 µm. The specific data for each extensometer are
included in Table B.10 in Appendix B.4.2.
It should be noticed that, as depicted in Fig. 2.1(c), the measured CMOD does not
strictly correspond to the opening width w of the main crack at the surface of the concrete
cover, but to the relative displacement between the points of contact of the extensometer
(points A and B in Fig. 2.7), which also includes contribution from the elastic deformation
of concrete and from the opening of the secondary cracks existing between those points, and
that it was not measured exactly at the plane containing the mouth of the crack, but at 5 mm
from it, due to physical restrictions to safely anchor the extensometer to the specimens.
However, this device had the benefit that the extensometer provided a continuous measurement of the main CMOD from the beginning of the tests, independently of the position of
the crack, and the measurement can be reproduced very easily in numerical simulations by
recording the displacements of points A and B in the finite element model.

2.4.3

Diametral extensometers

Special extensometers had to be built as part of this work, to measure the variation of the
inner diameter of the tubes during accelerated corrosion tests, since no commercial apparatus were available to fit inside the tube. The active element of these diametral extensometers
is an elastic beam 0.2 mm thick, 5.5 mm wide and 10 mm long, made of a high strength aluminum alloy; the beam is monolithic with two 3 mm thick clamping ends, and was shaped
using electric discharge machining of an aluminum block with dimensions 3 6 22 mm.
The extensometer works as depicted in Fig. 2.8: the two ends of the beam are clamped
to two independent rigid frames pushed against two diametrically opposed generators of
the inner wall of the steel tube —Fig. 2.8(a)—; when the diameter decreases by ∆D, the
clamped ends of the beam suffer a relative parallel displacement, which leads to a double
bending profile as shown in Fig. 2.8(b). To transform the bending of the beam into an
electric signal, four dual grid strain gages were bonded to both sides of the beam, close to
the ends. The eight strain gages were connected in a full bridge, in such a way that the
measure in the extensometer is insensitive to torsion and uniform bending.
In practice, the rigid frames consisted of two aluminum semi-cylinders —as shown in
Fig. 2.9(a)— that were machined to leave a gap of 0.5 mm between them, which provides a
mechanical stop to avoid overloading of the beam. Some accessories completed the extensometer: two supporting rods to handle the extensometer when placing it inside the tube,
a position stop to center the semi-cylinders in the tube —which contributed to support the
weight of the extensometer—, and a safety block to avoid an excessive opening of the ex29
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Figure 2.9: Elements and accessories of the diametral extensometer (a) and top view of the extensometer as
placed in the experiments, to measure the diameter defined by AA0 (b).

tensometer during handling, which was removed at the beginning of the test.
For all the parts, aluminum 7017 alloy was used, in order to minimize the weight, except
for the supporting rods, which were made of stainless steel. After assembling, an electrical
insulator coating was applied to the parts being in contact with the steel tube. The details of
the design and fabrication of the extensometers are included in Appendixes B.5.1 and B.5.2.
Six extensometers were fabricated that measured inner diameters ranging from 18.200
to 17.750 mm. They were calibrated using an INSTRON high-magnification extensometer
calibrator G55-1M and were found to have a linear range of 450 µm with linear and proportionality errors less than 1.2 µm and 1.4 µm for ranges of calibration of 150 µm. The
technical data for each extensometer are included in Table B.11 in Appendix B.5.3.
In the experiments, the extensometer was placed as depicted in Fig. 2.9(b), contacting
the steel tube at the lines A and A0 that defined the diameter perpendicular to the expected
main crack. It should be noticed that the extensometers did not measure the variation in
the diameter of just a unique section, but along the lines of contact of the extensometer,
assuming uniform deformation of the tube; however, the measured variation coincides with
that at the middle section, since the measurement was insensitive to uniform bending and
torsion, as previously mentioned.

2.4.4

Capillary circuit to measure volume variation

To measure the variation of inner volume of the steel tube during accelerated corrosion,
a capillary circuit was specially designed, as part of this work. The design is conceptually
very simple: seal the two ends of the tube except for an exit through a capillary glass tube,
fill the tube with a liquid and record the variation of the level of the liquid in the capillary;
this variation is proportional to the variation of volume inside the tube, with opposite sign.
Unfortunately, the device turned out to be very difficult to materialize, and a considerable effort was required to get reliable results. First, it was impossible to avoid trapped air
bubbles by using simple gravity-driven filling of the liquid, which affected the stability in
the level of liquid in the capillary; thus, the filling had to be carried out under vacuum (see
Appendix B.6.4). And second, since the thermal dilatation coefficient of the liquid is many
times that of the steel, the device worked like a liquid-in-glass thermometer, and the capillary oscillations due to small oscillations in the temperature in the air-conditioning system
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Figure 2.10: Capillary circuit to measure the variation of inner volume of the steel tubes in accelerated corrosion tests.

( 1.25 ºC) strongly shadowed the variations of volume due to the mechanical deformation
of the tube; this problem was handled by drastically reducing the volume of the fluid by
filling most of the volume of the tube with a dummy steel plug and by correcting the small
remaining oscillations using the measured oscillations of temperature (see Appendix B.6.3).
Fig. 2.10 shows a sketch of the final design of the capillary circuit. Two reusable brass
caps sealed the ends of the steel tube with compressed o-rings. The top cap had a three-way
connection: one was the glass capillary, the second a metallic tube connected to the vacuum
pump and the third a filling conduit through which the liquid was let into the tube. Coaxially
to the steel tube, a dummy steel plug was inserted to reduce the volume of liquid. The liquid
filling the circuit was silicone oil 350 cs which was chosen for being chemically inert and an
electrical insulator. To seal the metallic capillaries after filling the circuit, little brass caps
together with o-rings were used that for simplicity are not depicted in the figure.
The capillary was a heavy wall glass capillary tube with an inner diameter of 0.508 mm;
thus, a uniform reduction in the inner diameter of the steel tube of 1 µm would result in an
increment in the level of liquid of 11.16 mm —calculated for the height of free corroding
steel tube, i.e., 80 mm.
An external frame was fabricated to provide a reference for the measurement of the
height of the liquid in the capillary, as seen in Fig. 2.11, with a metric scale with a resolution of 1 mm, which was lightened by a fluorescent lamp. Photographs of the capillary
were taken automatically at regular intervals; after the tests, the pictures were visually processed and the height of the liquid at the corresponding times was manually tabulated. In
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Figure 2.11: Frame to provide a reference for the height of liquid within the capillary, with adjustable height
and inclination so as to fit the capillary (left) and example of an image acquired to note down the height: the
liquid occupies the transparent part until the beginning of the white zone, at the height of 15 cm, from which
the capillary is empty (right).

particular, for the tests with a current density of 400 µA/cm2 , pictures were taken every
10 min during the first 24 h and every 30 min afterwards; for the remaining tests —with
100 or 25 µA/cm2 — pictures were taken every 30 min from the beginning of the test. The
photograph in Fig 2.11 is an example of one of those pictures. The picture shows that the
level of liquid was clearly defined at the capillary without need of coloring: the refractive
index of the oil was such that the interior of the capillary was seen in white when empty
and fully transparent when full of liquid, thus letting the dark background of the frame to be
seen through it. To enhance the contrast in the picture, a black background was put behind
the frame.
See Appendix B.6.1 for the details of the design of the elements of the capillary circuit.
Correction of the oscillations in height due to thermal oscillations. To account for the
oscillations in height due to variations in the temperature, the capillary circuit was calibrated
on spare tubes.
It was found that an approximately linear relationship existed between the variations
observed in the level of liquid and the measured variations in the temperature. A shift
time τ0 between the temperature and the subsequent oscillation in the capillary height was
considered, since the temperature was measured at the brass cap, nor within the liquid, and
both have different thermal properties. Then the readings in height H at a given time t were
corrected as:
H(t) = Hm (t) m0 ∆Tm (t τ0 )
(2.1)
where Hm (t) stands for the capillary height measured at time t and ∆Tm (t τ0 ) for the
temperature variation measured τ0 seconds before t, m0 is the proportionality constant and
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τ0 is the retardation time, which, in the calibration tests were found to be m0 = 29 mm/ºC
and τ0 = 450 s (see Appendix B.6.3 for the details of the calibration).

2.4.5

Preparation of specimens

After the curing period, the reinforced prisms were prepared for accelerated corrosion
tests as explained next. During the preparation, the specimens were covered with a wet
sponge to avoid drying of the concrete surface.
• The enamel coating was removed from the visible surfaces of steel and the exterior
surfaces of the tube were polished with buffs of 280 and 320 grit using a rotary multitool system to remove any oxide formed during curing, for the sake of an adequate
contact with the instruments during the test; hence, such portions of tube were not
used in gravimetric measurements.
• Then the rubber caps were removed. For the specimens to be instrumented with a capillary circuit, a brass cap was assembled at the end of tube that would be submerged
during the test.
• Next, an epoxy layer was applied to the faces of the prisms perpendicular to the
tube and the elements for electrical insulation were bonded —the PVC cap and the
PVC ring depicted in Fig. 2.6. The epoxy resin was cured for at least 24 h and the
specimens were re-immersed in water for at least 24 h.

2.4.6

Procedure for accelerated corrosion tests

The procedure for the preparation of accelerated corrosion tests and during the tests is
described next:
• First of all, the extensometers were calibrated within the expected working range
during the tests.
• The points of support of the main CMOD extensometers and of the frame were
marked using a sharp instrument, at the locations indicated in Fig. 2.7. In some
occasions, there were irregularities at those locations, since the extensometer rested
on the non-molded side of the prisms; then the points were moved up or down to
a better location, always maintaining the extensometer at 5 mm from the concrete
surface (otherwise the measured main CMOD would be scaled with respect to other
tests). The initial opening of the extensometer was adjusted using the screws to the
initial width of the specimen, in order to work within the range with the smallest error
during the test, and then the screws were blocked.
• The capillary circuit was assembled on the corresponding specimen and the devices
for electrical connections to the working electrode were fixed in all the specimens,
after cleaning the exposed surfaces of steel with alcohol.
• Next, the airtightness of the capillary circuit was checked for at least 1 h (see Appendix B.6.2 for details on the device for vacuum-filling of the circuit); in case there
was any leak, the elements of the circuit were tightened or replaced and checked
again.
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• After that, the capillary circuit was filled under vacuum, which is summarized as follows: the silicone oil was let to go through the corresponding metallic capillary, once
the circuit was filled it was vented and finally it was sealed at the metallic capillaries
using little brass caps (see Appendix B.6.2 for the details of this process).
• Then the pillars for the frames were bonded at the top face with cyanoacrylate, the
extensometers and the frames were definitively assembled on the specimens, the thermocouples were fixed to the working electrodes with blue-tack, the specimens and the
counter-electrodes were placed within the plastic containers, the solution was poured
and the level of water was adjusted until completely covering the surface of concrete.
It should be noticed that the solution had to be prepared in advance, due to the high
exothermic reaction of CaCl2 when being dissolved. Finally, two thermocouples were
submerged into the water baths.
• Immediately after filling the circuit, the level of liquid in the capillary invariably
descended some centimeters, as explained in Appendix B.6.4. To check stabilization
of the circuit, the height of liquid in the capillary was noted down every 30 min and
was processed as in the experiments.
• After 24 h from stabilization of the level of liquid, the electrical sources were connected across the electrodes, together with the corresponding ammeters and voltmeters, and accelerated corrosion was started.
• During the tests, refilling with water was necessary approximately every 3 days, to
maintain the level of solution constant; demineralized water was added in order not
to alter the average salinity within the water bath.
• After accelerated corrosion, the specimens were immediately covered with a plastic
film and kept into a freezer to stop the corrosion process, until they were cut into
slices. Finally, all the elements that were dirtied during the tests —i.e. those in
contact with the solution or with the silicone oil— were washed, cleaned with alcohol
and dried with hot air, in order to keep them free of oxide, salt or oil and not to alter
the conditions of the subsequent tests.
• To determine the efficiency of the current during accelerated corrosion, the gravimetric loss was measured in slices of the specimens, as explained in Sec. 2.4.7.
Fig. 2.12(top) shows a general view of the accelerated corrosion tests, with all the elements intervening in the test, except for the image acquisition system, which was placed
in front of the experiments. This image corresponds to a series with three tests in parallel.
Clockwise, from the top-left corner of the image: the camera that took images of the level
in the capillary circuit; the electrical sources were placed in front of the plastic containers;
two tests instrumented with a diameter extensometer and another with a capillary circuit; to
enhance the contrast of the level of liquid in the capillary, a black background was prepared
behind it; on the right of the electrical sources, some parts of the device for vacuum filling
of the capillary circuit are seen, which were clamped by jacks to the front of the table; an
auxiliary screen was used during the assembling of the tests, to adjust the intensity of the
sources; on the right, the elements for recording the data are seen: the conditioner, a switch
and the computer; below the table, an uninterruptible power supply served as a security
system in case of short interruptions in the power supply, and, finally, the vacuum pump
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used in the vacuum filling. Fig. 2.12(bottom) shows a zoom of the cells; in this picture, the
reference frame of the capillary circuit and the counter-electrodes are seen.
Fig. 2.13 shows two detailed views of fully instrumented specimens during accelerated
corrosion: a top view of a specimen with the diametral extensometer (a), and a picture of
a specimen with the capillary circuit (b). The instruments in each test are marked in the
pictures.

2.4.7

Gravimetric loss of the tubes

After accelerated corrosion, the gravimetric loss of the tubes was measured to determine the efficiency of the current during the tests. In particular, it was measured at the tubes
coming from slices of the specimens that were used in push-out tests (see Sec. 2.5 for the
details of the obtention of the slices). Complementarily, the gravimetric loss was measured
in specimens not subjected to accelerated corrosion, from batches T05, T06 and T07, with
the same age than the corroded specimens, to check that no important losses occurred during the curing. The procedure of preparation of the tubes and during the measurements is
described next:
• After push-out tests, the tubes were extracted from the slices, using a similar device
to that in those tests (see Sec. 2.7). Fig. 2.14(a) shows an example of one of the
extracted tubes; they were 20 mm in length on average.
• Then the bases were sandpapered using a polishing machine, since burrs and chamfers were produced at the bases of the tubes during grinding of the slices —as seen
in Fig. 2.14(a)— and to ensure perpendicularity of the bases and the axis of the tube,
which was essential to calculate the loss of weight per unit length. The tubes were
sandpapered with silicone carbide discs up to 600 grit and refrigerated with demineralized water to avoid corrosion of the steel.
• Next, the oxide was removed from the surface following the procedure described in
the ASTM G1 standard: the tubes were ultrasonically agitated for 60 s in an inhibited
acid solution —C.3.5 defined in the standard— consisting of 500 ml of 37.5% HCl
plus 3.5 g of hexamethylene tetramine and 500 ml of demineralized water; then they
were rinsed with demineralized water while scrubbing with a soft brush, immediately
neutralized in a solution of calcium bicarbonate, rinsed again and dried by immersion
in propanol and by hot air. The process was repeated until complete removal of the
oxide, without exceeding 10 min of total immersion in the acid solution.
• Finally, the tubes were weighted in a balance with 0.1 mg resolution and their length
was measured at four generatrices that defined two perpendicular diameters, with a
precision of 0.02 mm. From that, the final weight per unit length was calculated and
the loss per unit length was determined, as explained in Sec. 3.2.5, where the results
are given.
It should be noticed that after removing the oxide, pits were revealed at the lateral surface
of the tubes, as shown in Fig. 2.14(b), which corresponds to a specimen corroded with
400 µA/cm2 . Moreover, for specimens corroded with 25 µA/cm2 , zones at the tubes were
found that were barely corroded, revealing non-uniform corrosion, which should be taken
into account in further works.
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Figure 2.12: General view of accelerated corrosion tests and elements intervening in the tests (top): the image
acquisition system, the specimens with the extensometers and the capillary circuit, the data acquisition system,
the assembly for vacuum filling of the capillary circuit and the electrical sources, and zoom of the cells (bottom).
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Figure 2.13: Detailed views of fully instrumented specimens during accelerated corrosion: specimen with the
diametral extensometer (a) and specimen with the capillary circuit (b).
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Figure 2.14: Steel tube of a corroded concrete slice after being extracted (a) and after sandpapering and removal
of the oxide (b). The external burrs and inner chamfers that were produced during grinding of the slices
disappeared after sandpapering. Small pits were revealed after removing the oxide.

2.5

Impregnation of slices to study the crack pattern

After accelerated corrosion, slices of the specimens were impregnated with resin containing fluorescein to study the crack pattern along the tube.
A low viscosity resin was used to facilitate the penetration of the resin into the microcracks and pores of concrete. A concentration of 1.5 mg of fluorescein per milliliter of resin
was found to deliver the best visibility of the resin under UV lighting. The details of the
selection of the mix proportions are included in Appendix B.8.1.
Complementary tests proved that the method of obtention and impregnation of the slices
did not introduce spurious cracking in uncorroded specimens (see Appendix B.8.2) and that
the resin permeated through the thickness of the slices (see Appendix B.8.3).
The process of obtention of the slices and impregnation is detailed in the next sections.

2.5.1

Obtention of slices

After accelerated corrosion, the concrete prisms were cut into slices that were used in
post corrosion tests. Fig. 2.15 shows a sketch of them. Each prism was cut into five slices
(except for one prism that was cut into six); the two external slices were cut with 10 mm
in thickness and were discarded, to avoid border effects. The remaining slices were used
in post-corrosion tests, which had an average thickness equal to 20 mm and were assumed
top side during
accelerated corrosion
10

1

20

2

side a
resin impregnation
side b
20

3

push-out

20

4

resin impregnation

10

5

(mm)

Figure 2.15: Sketch of the slices obtained from a concrete prism and their nomenclature. Only the three central
slices were used in post-corrosion tests.
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Figure 2.16: Obtention of slices coming from concrete prisms: first the prisms were cut into slices using a
low-speed radial saw (left) and then the surfaces were ground using a grinding machine (right).

to have uniform corrosion. Normally, the central slice was reserved for push-out tests and
gravimetry measurements, and two non-adjacent slices were impregnated with resin to study
the crack pattern along the tube, thus, providing the crack pattern in four different crosssections; however, in case of accidental break, only one slice per prism or two adjacent
slices had to be impregnated, reserving the least damaged slices for push-out tests. See
Appendix B.2 for a list of all the prisms that were cut into slices and for the usage of those.
The prisms were cut as shown in Fig. 2.16(left), using a low-speed radial diamond saw,
with planes of cutting perpendicular to the axis of the tube; then the surfaces of the inner
slices were ground using a grinding machine, as shown in Fig. 2.16(right), to improve the
smoothness and the parallelism of the sides.
The slices were labeled as depicted in Fig. 2.15, with the name of the original prism
plus a number ranging from _1 to _5 (except for the prism with 6 slices, which were labeled
from _0 to _5), indicating their position from the top as placed in accelerated corrosion
tests, and their sides were labeled as a or b.

2.5.2

Assembly of vacuum impregnation

A modified stainless steel pressure cooker and a vacuum pump were used for impregnation of the slices, which was reported in Sanz et al. (2010, 2013). The pressure cooker had
two valves that were adapted for the income of resin and for the connection to vacuum, as
shown in the sketch in Fig. 2.17.
Two different assemblies were used, which were designed as part of this work. The first
one is shown in Fig. 2.17, which was the simplest. In that assembly, only one slice could be
impregnated at each time: it was placed into a plastic bag, standing over one of the ground
sides and separated from the bag with aluminum threads. For impregnation, 180 ml of
resin were necessary. Two dry-running vacuum pumps connected in series applied vacuum,
reaching a manometric pressure of 670 mmHg.
Once the impregnation method was proved to work properly, an improved device was
designed to impregnate six slices simultaneously, which is shown in Fig. 2.18: the slices
were placed into a polyethylene box, wrapped in a plastic bag and standing over the opposite
side to the main crack. Auxiliary PVC bands were used to maintain a separation of 4 mm
between the slices and the mold. With this device, the amount of resin per slice was reduced
to 120 ml (720 ml were injected at each time). A rotary vane vacuum pump with a two stage
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Figure 2.17: First assembly of impregnation of slices with resin, using a vacuum pump and a modified pressure
cooker, to impregnate one slice (left) and sketch of the method of impregnation (right).

Figure 2.18: Second assembly to impregnate simultaneously 6 slices, using a rotary vane vacuum pump (left)
and a polyethylene box to hold the slices (right).

system applied vacuum, reaching a manometric pressure of

2.5.3

712 mmHg.

Method of impregnation of the slices under vacuum

The steps during the impregnation of the slices are described in the next paragraphs.
• First, the slices were dried in an oven at 105 ºC until constant weight was achieved, according to the ASTM C642 standard: a balance of 0.01 g precision (less than 0.025%
of the weight of the specimens) was used to weight the specimens every 24 h and
the difference of weight between consecutive measurements was calculated, until a
40

2.6. EDX analysis to assess the presence of oxide within the cracks

Figure 2.19: Assembly for illuminating the slices under natural (left) and under UV lighting (right).

difference of less than 0.5% of the weight was obtained.
• Next, the slices were introduced into the modified pressure cooker and vacuum was
applied for at least 24 h to remove the air in the pores of concrete.
• Then resin was injected through one of the valves of the pressure cooker, while maintaining the vacuum, and, finally, the air was allowed back inside.
• The resin was cured for at least 24 h. After that, the excess resin was eliminated by
grinding the surface of the slices, until the base material was exposed.

2.5.4

Analysis of the crack pattern after impregnation

After impregnation, two pictures of each side were taken for all the slices: one under
natural light and the other under UV light. Both images were essential to analyze the pattern
of cracking: in the first, the main crack was clearly observable, and the second revealed the
overall pattern of secondary cracks.
Fig. 2.19 shows the equipment for image acquisition and lightening. It consisted of two
fluorescent lamps for natural lighting —as in the left picture—, two ultraviolet lamps for
UV lighting —as in the right picture— and an adjustable support for the camera.
A total of 96 slices were impregnated. From those, 72 slices were used to study the crack
pattern, i.e., 144 cross-sections were analyzed. Complementarily, 10 slices from 6 prisms
used in trial accelerated corrosion tests were used to test the functioning of the assembly
and the method of impregnation with resin. Finally, slices coming from specimens not
subjected to accelerated corrosion were used to assess that the method of impregnation did
not produce new cracks on the slices (see Appendix B.2 for a list of the impregnated slices).
The results are described in Sec. 3.3.

2.6

EDX analysis to assess the presence of oxide within the cracks

After studying the crack pattern of slices impregnated with resin it was observed that the
main crack and the root of the secondary cracks were less brighter than the thiner cracks,
probably because they were partially filled with of black oxide (see Sec. 3.3). To assess
the presence of iron oxide within the cracks, a representative selection of the impregnated
slices were analyzed in a scanning electron microscope (SEM) using an energy-dispersive
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Table 2.5: Sides analyzed in the microscope for each density of current i and estimated corrosion depth x.
Slices and sides
T0503_4a, T0509_4a, T0510_4a
T0511_4a, T0512_4a, T0513_4a
T0514_2b, T0515_2b, T0516_2b
T0701_2b, T0702_4a, T0703_4a
T0707_4a, T0708_4a, T0709_4a
T0704_4a, T0705_4a, T0706_2b

i (µA/cm2 )
400
100
25
400
400
400

x (µm)
38
25
13
38
25
13

X-ray spectroscopy system (EDX), which is presented in this section. For each slice, only
the most interesting cracks were analyzed, but not the bulk of concrete.
Three specimens per density of current and per corrosion depth were selected to be
analyzed. From the four available impregnated cross-sections of each specimen, the best
was selected, with the criterion that it was a central cross-section (i.e., side _2b or side _4a
according to the sketch in Fig. 2.15) and with the least amount of imperfections. A total of
18 cross-sections were analyzed. Complementarily, 4 cross-sections were analyzed to test
the method.
A list with the sides that were analyzed is included in Table 2.5 for each density of
current and duration of the tests. The slices of batch T05 were preferred to those of T06,
since the variability of results with specimens of this batch was smaller in all the other types
of tests. The results are given in Sec. 3.4, and the procedure is described next.

2.6.1

Preparation of slices: polishing and metallization

For the analysis, the slices received a specific treatment as described in the next paragraphs (see Secs. 2.5.1 and 2.5.3 for the steps in the obtention and impregnation of the
slices).
• The slices were polished in a polishing machine up to a grit of 1 µm, using a standard fixture that was adapted to hold the slices (see Appendix B.9 for details of the
fixture). One slice was polished at each time. First, the slices were sandpapered with
80, 120, 240, 600 and 1200 grit silicone carbide discs and refrigerated with demineralized water, to avoid corrosion of the tubes during the process; then they were
polished using a suspension with diamond particles of grain sizes of 6, 3 and 1 µm
and refrigerated with an alcohol-based lubricant, until the surface of steel, which was
taken as reference, was smooth.
Fig. 2.20 shows two pictures of one of the slices before (left) and after (right) polishing. Some lines that were produced during the grinding process (left) disappeared
after polishing the slice, as it can be observed in the steel and in the resin. However,
some scratches still remained in some grains at the concrete, as revealed when looking the slice under the microscope. In spite of that, the finishing of the surface was
smooth enough for the analysis. In some occasions deep pits remained at the resin,
but they did not affect the measurement since that area was not analyzed.
• Next, the slices were cleaned by immersion in propanol and ultrasonic agitation for
10 min. Then the surfaces were dried in a heater at 50ºC for at least 12 h. Finally, the
slices were kept into a desiccator and connected to vacuum for at least 24 h to eliminate volatile agents that may have been absorbed by the resin during the polishing
process.
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Figure 2.20: Polishing of a slice for analysis of the cracks into a microscope with EDX. The slice, which had
been previously impregnated with resin, is shown before (left) and after (right) being polished.

Figure 2.21: Slice after metallization to be analyzed in a SEM; only a circular area was clearly metallized
during the coating, although there was a low-metallized area that had a coating thick enough for the analysis.

• The slices were metallized with a gold coating, since the specimens to be analyzed
in a SEM must be electrical conductors. During the metallization, a coating current
of 25 mA was applied for 4 min, at a vacuum pressure of 6 10 2 mbar. It should
be pointed out that only a circular area was coated in the slice, limited by the size of
the electrode of the metallizer, as seen in Fig. 2.21. The slice was placed so that the
electrode covered the area around the tube, which was the most interesting zone.
• After metallization, the slices were permanently kept into a desiccator.

2.6.2

Parameters of the EDX analysis

After polishing and metallization, the slices were analyzed in a SEM with EDX; a
pressure less than 6 10 5 mbar was reached at the chamber of the microscope. Sites
of 4.40 3.00 mm2 were analyzed at each time, with a magnification of 70, a focal distance
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of 8.5 mm, 20 kV and a spot size of 600. Only the most interesting zones within the site,
i.e., the zones containing cracks, were selected and mapped to analyze the presence of Fe.
The cracks were mapped from their root to their front, until no Fe was found. For each site,
55 frames were analyzed with a resolution of 256 pixel.
It should be pointed out that the analysis was only qualitative, as a white dot was
drawn over the picture of the site when Fe was detected, but no quantitative information
was recorded about the percentage of ions with respect to the total composition.

2.7

Push-out tests to study the bond between the steel and the
concrete

After accelerated corrosion, the bond between the steel and the concrete was determined
in push-out tests, which were carried out on the concrete slices obtained from the prisms.
The assembly of the tests, the specific preparation of specimens and the procedure during
the tests are described in the next sections.

2.7.1

Main aspects of push-out tests

Most of the works found in the literature to measure bond were pull-out tests, based
on the ASTM C900 standard. Since the specimens in this work are concrete slices and
anchoring of the tubes is not possible, a device was specially designed and built as part of
this work to push the tube in the concrete, as sketched in Fig. 2.22.
During the test, the load was recorded and the displacement of the tube relative to
the concrete was measured using a linear variable differential transducer, with a range of
1 mm (SCHLUMBERGER model AG1.0, prepared by INSTRON to be plugged in INSTRON testing machines), which will be referred in the text as lvdt. Complementarily, the
opening of the main crack was measured in some of the tests using a longitudinal extensometer INSTRON model 2620-602, with a range of 2.5 mm and an extension of 50 mm.
The tests were run under displacement control using the lvdt output as the feed-back signal.
A more detailed sketch of the test device is shown in Figure 2.23. To design the parts,
some principles of compression tests that were found in the ASTM C39 standard were taken
into account. A steel cylinder (c) pushed the steel tube and had a guide to keep it centered.
A ball joint (b) was placed over that part to ensure a good contact between the pusher and
the steel tube, in case the sides of the slice were not strictly parallel; to accommodate the
ball, a conical seating was machined at the top of part (c). An auxiliary part (a) joined
the device to a load cell through a threaded joint. Part (e) supported the slice contacting it
over a ring, and was centered with the steel tube; a central drill allowed to accommodate
the lvdt transducer, which was held by a brace (f ) and fixed by a screw; a circumferential
groove accommodated the tube when pushed-out and acted as a mechanical stop to protect

lvdt

Figure 2.22: Sketch of push-out tests.
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Figure 2.23: Sketch of the devices designed for the push-out test: parts joining the load machine (a) and (g),
ball joint (b), parts loading over the steel (c) and the concrete (e) and auxiliary elements for security (d) and to
hold the lvdt transducer (f). The displacement of the tube was measured between the points C and D, which
were as near as possible to the sections of steel and concrete being loaded (A and B).

the transducer from excessive displacement. The set rested over part (g), which had a lateral
groove to access the transducer. Complementarily, a plate (d) was placed below the slice
as a security element in case the slice was broken. All the parts were fabricated in steel for
tempering. See Appendix B.10 for the details of the devices.
Fig. 2.24 shows a general view of the tests (left image) and a detail of the crack width
extensometer (right).
It should be noticed that the lvdt measured the displacement between the points C and
D in Fig. 2.23, which were located as near as possible to the sections of steel and concrete
being loaded (lines A and B) to minimize the influence of the elastic deformation of the
devices. It should also be noticed that the diameter of the loading devices was the minimum
according to the tolerances of the materials; hence the importance of using precision steel
tubes as reinforcement.
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Figure 2.24: General view of a push-out test (left) and detail of the extensometer to measure the opening of the
main crack (right).

2.7.2

Preparation of slices: sanding and saturation

The slices were obtained from corroded specimens as described in Sec. 2.5.1. When
possible, the central slice (_3) was selected for push-out; exceptionally, if the slice was
damaged by accident during the preparation process, one of the adjacent slices was used.
Then a specific preparation of the slices was carried out as explained next:
• First of all, the surface of the slices was sandpapered to eliminate burrs at the interface steel-concrete that were produced during grinding, since those could induce an
error in the load during the test. The slices were sanded using a polishing machine
and an adapted standard fixture (see Appendix B.9 for details of the fixture), using
80 grit silicone carbide discs and refrigerated with plain water, until the steel-concrete
interface was exposed.
• Then the length of the tube was measured at four generatrices defined by two perpendicular diameters.
• Next the slices were saturated until constant weight, following the ASTM C642 standard: a balance of 0.01 g precision (less than 0.025% of the weight of the specimens)
was used to weight the specimens every 24 h and the difference of weight between
consecutive measurements was calculated, until a difference less than 0.5% of the
weight was achieved, referred to the weight of the specimen in that measurement. To
avoid the corrosion of the exposed surface of steel during saturation, rubber caps were
inserted at the tube end and a silicone ring was applied around them (the silicone was
cured for 24 h). The water baths were kept in a temperature-controlled chamber at
20 ºC until testing time.
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2.7.3

Procedure and parameters during the test

The procedure for push-out tests is described in the next paragraphs:
• After saturation, the rubber caps were removed from the slice and the bases of the
tubes were cleaned in case oxide developed, maintaining the concrete surface constantly humid by spraying water.
• Next, the crack width extensometer was clamped at the slice using elastic bands,
the slice was assembled at the test device and the lvdt was fixed to it by a screw. The
extensometers were calibrated before each test, checking that the maximum error was
less than 0.2% over their range of measurement.
• A preload was applied to accommodate the parts loading over the concrete and the
tubes and to center the devices in the steel tube, up to 300 N, ranging approximately
between the 5 and 10% of the maximum load.
• Then the test was started. The displacement rate at the beginning of the test was
15 µm/min, which was calculated following the recommendations for three-point
bending tests (Planas et al., 2007) with the criterion that the maximum load was
reached within 3–5 min. After 300 µm of displacement of the tube, the displacement
rate was doubled.
• The test was stopped at approximately 2 mm of displacement of the steel tube.
A list of the push-out tests carried out is included in Table C.8 in Appendix C.6, indicating the data for each test. In the first tests, only the lvdt was used, but it was observed that
the main crack opened in some cases; thus, the opening of the main CMOD was measured
in subsequent tests, as indicated in the table. Complementarily to those, some slices coming
from specimens of batches T02 and T03 were used to adjust the parameters during the tests
(see Appendix B.2 for a complete list of the slices tested). Finally, tests were also carried
out in slices cut from prisms no subjected to accelerated corrosion, to obtain a reference
value of the bond properties on non-corroded slices. The results are shown and discussed in
Section 3.5.
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3.1

Results of the mechanical tests

Mechanical tests were carried out to characterize the concrete fabricated at each batch,
as described in Sec. 2.3. The results are included in the next paragraphs.

3.1.1

Calculation of results

Compressive strength. The compressive strength fc of each specimen was calculated
from the maximum load Pu obtained in compression tests (Sec. 2.3.2) as:
fc =

4Pu
πD2

(3.1)

with D being the diameter of the specimen, and the mean strength of each batch was calculated.
Tensile strength. The tensile strength ft of each specimen was calculated from the maximum load Pu obtained in diagonal compression tests (Sec. 2.3.3) as:
ft =

2Pu
πDL

(3.2)

with D being the diameter of the specimen, and the mean strength of each batch was calculated.
Inverse analysis to determine the bilinear softening curve of concrete. The fracture
parameters of concrete and a bilinear approximation of the softening curve were calculated for each batch, combining the results of diagonal compression and three-point bending
tests (Secs. 2.3.3 and 2.3.4) according to the method described in Planas et al. (2007) (see
RILEM-50-FMC, 1985, Guinea et al., 1994, Elices et al., 1997 and Planas et al., 1999, 2002
for the basis of such a method). Fig. 1.7 in Sec. 1.3 shows a sketch of the parameters that
define the bilinear curve. The steps in the calculation of such parameters for a given batch
of concrete are briefly reviewed in the next paragraphs:
• First, the average tensile strength ft was calculated from the results of diagonal compression tests.
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Table 3.1: Mechanical parameters for each batch of concrete: compressive strength fc , tensile strength ft ,
elastic modulus E, fracture energy GF , horizontal intercept of the initial branch with the abscissas axis w1 ,
coordinates of the kink point (wk ,σk ) and critical width wc —the width at which the stress of the bilinear curve
is zero— (see Fig. 1.7 for a sketch of those parameters).

fc (MPa)
std. dev. (MPa)
ft (MPa)
std. dev. (MPa)
E (GPa)
std. dev. (GPa)
GF (N/m)
std. dev. (N/m)
w1 (µm)
wk (µm)
σk (MPa)
wc (µm)

T02
49.5
1.0
3.14
0.43
34.5
1.0
102
2.1
26.1
21.8
0.509
266

T03
48.8
1.5
2.78
0.42
36.1
1.7
107
4.9
43.0
38.0
0.322
336

T05
56.9
0.2
2.88
0.16
32.1
0.7
102
15
31.1
27.4
0.338
372

T06
50.4
0.7
3.15
0.17
34.1
0.8
107
19
28.1
25.1
0.337
399

T07
48.2
2.8
3.33
0.04
34.2
1.4
110
19
20.6
17.4
0.521
309

• Next, the elastic modulus E was calculated from the initial slope of the load-CMOD
curves recorded in three-point bending tests, using a linear fit within the range 0.15Pu –
0.55Pu , with Pu being the maximum load. To eliminate the preload from the curves,
the points below 0.15Pu were replaced by the linear fit.
• From the maximum load of the curves, the brittleness length l1 of the specimens and
the horizontal intercept of the initial branch of the softening curve w1 were computed.
• From the area under the load-deflection curves, the fracture energy GF was obtained.
• Finally, from the far-tail behavior, the critical width wc and the coordinates of the
kink point σk and wk were calculated.
Those calculations involve a large number of operations and it is easy to make some
mistakes if carried out by hand. For that reason, a routine was programmed in C++ language
to automatically compute the results (see Fathy et al., 2007, 2008 for more details).

3.1.2

Mechanical results for each batch of concrete

Table 3.1 displays the average results for each batch of concrete, while the individual
results of the specimens are included in Appendix C.1. The next parameters are indicated:
the compressive strength fc , the tensile strength ft , the elastic modulus E, the fracture
energy GF , the horizontal intercept of the initial branch of the softening curve with the
abscissas axis w1 , the coordinates of the kink point (wk ,σk ) and the critical width wc . The
standard deviation is indicated for those parameters that were calculated as the mean of
several specimens.
The bilinear softening curve of each batch is shown in Figure 3.1. The first branch,
which governs the initiation of the cracking, was very similar in all the batches except for
T03 and T07, while the tail of the curves was different in all the cases; however, the total
fracture energy was almost identical in the five batches.
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Figure 3.1: Bilinear softening curve of each batch.

3.2

Results of accelerated corrosion tests

Accelerated corrosion tests were carried out as described in Sec. 2.4. The results are analyzed in the next sections. Complementarily, the results of the gravimetric loss are included
at the end of the section.

3.2.1

Treatment of results

The results obtained from accelerated corrosion tests were treated as explained next:
• The corrosion depth x(t0 ) at time t0 was estimated from the measured intensity I(t0 ),
according to Faraday’s law, assuming perfect efficiency of the current and uniform
corrosion along the tube, using in Equation (1.7), which for the geometry and materials in this work (the molecular mass of iron Mm = 55.8 g/mol, the density
ρ = 7.85 g/cm3 , the surface of steel corroding S = 50.27 cm2 and the valence number of the ions z = 2, assuming that ions Fe2+ are generated during the process)
results in:
Z t
µm
0
x(t ) = k
I(t0 )dt0 , with k = 7.327 10−6
(3.3)
mA s
0
• From the difference of potential V and intensity I recorded during the tests, the difference of potential V corresponding to the nominal intensity I in the tests (20, 5
and 1.25 mA) was calculated, to account for small variations in the electrical current,
as:
I
V =V
(3.4)
I
• The variation of height in the capillary was corrected with the temperature according
to Equation (2.1).
The curves of main CMOD, difference of potential, variation of inner diameter and variation
of capillary height were plotted versus the corrosion depth and are analyzed in the next
sections. For the details of each specimen, see Appendix C.2.
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(a)

(b)

(c)

(d)

Figure 3.2: Results of accelerated corrosion tests in specimens of batch T03, corroded with a current density of
400 µA/cm2 and with an estimated corrosion depth of 38 µm, to assess the repeatability of results in specimens
with similar characteristics.

3.2.2

General results and variability in specimens with identical corrosion

The results from series 1 to 4 are presented next, which were carried out using specimens
of batch T03 and corroded with a current density of 400 µA/cm2 .
Fig. 3.2 shows the curves of results of all the specimens. For the tests lasting more than
3 days (specimens from series 1) the curves were plotted up to a corrosion depth of 38 µm,
corresponding to the theoretical corrosion depth of the other tests. The curves of variation of
capillary height of specimen T0312 and of main CMOD of T0309 had to be discarded due
to leakage in the capillary circuit and to slippage of the CMOD extensometer, respectively,
as indicated in Appendix C.2.
In all the specimens, a main crack developed through the cover, as expected. The main
CMOD —Fig. 3.2(a)— continuously grew during the tests, very slowly during the first few
microns of corrosion depth, but after a depth of about 2.5 µm, the slope increased abruptly,
which is a clear indication of the formation of the main crack through the cover, which
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Table 3.2: Results of accelerated corrosion tests in series corroded with 400 µA/cm2 , from batch T03: mean
and standard deviation of the break point in the curves of main CMOD (wbreak , xbreak ), peak in the curves of
capillary height (∆Hpeak , xpeak ) and final values for a corrosion depth of 38 µm of main CMOD w38 , nominal
difference of potential V38 , variation of inner diameter ∆D38 and variation of capillary height ∆H38 .

mean
std. dev.

wbreak
(µm)
5.43
0.92

xbreak
(µm)
2.64
0.33

∆Hpeak
(mm)
48.1
3.5

xpeak
(µm)
2.76
0.12

w38
(µm)
244
10

∗
V38
(V)
3.85
0.13

∆D38
(µm)
39
18

∆H38
(mm)
30.7
5.8

is called the break point in the following, and from that point on the slope in the curves
decreased smoothly. A mean opening of 244 µm was reached for the final corrosion depth.
The difference of potential —Fig. 3.2(b)— continuously decreased, indicating a continuous reduction in the electrical resistance of the specimens. The descent was steep during
the first microns of corrosion depth and approximately at the depth corresponding to the
break point in the curves of main CMOD, but then the descent was slower.
The curves of variation of inner diameter —Fig. 3.2(c)— show a high scatter but they
all had an overall trend to grow with the corrosion depth, except for a slight decrease (less
than 4 µm) at the beginning of the test, probably until the first crack appears.
The curves of variation of height in the capillary —Fig. 3.2(d)— showed a steep rise
during the first microns of corrosion depth, up to a peak that coincides with the break point
in the curves of main CMOD. Then a small sharp decrease occurred, followed by a slow
descent in the tail of the curve. That means that there was a reduction of the inner volume
of the tube until the initiation of cracking, and then it partially recovered although there was
a remaining diminution of volume.
An interesting observation is that the trend of the curves of inner diameter and capillary
height was different, which indicates that the deformation of the tube was not uniform,
and might be explained by a change in the shape of the cross-section of the tube from
circular to oval. Indeed, the variation of height at the peak (48.1 mm in the tests) would
correspond to a uniform reduction of 4.31 µm in the inner diameter of the tube, while the
variation of diameter was positive, on average; after the peak, the inner volume continued
being less than the initial one, while the inner diameter continued growing up to about
40 µm. This can only be explained if a diameter perpendicular to the one we measure
decreases by an amount slightly larger than the measured increase so that the sum of the
increases of the two perpendicular diameters is small and negative (the few microns required
to accommodate the measured decrease in volume). The dissimilar behavior is qualitatively
easy to understand: the opening of the main crack strongly reduces the internal stresses that
tend to compress the tube in direction normal to the crack, while the stresses parallel to the
main crack are much less relieved.
The mean and the standard deviation of the results are given in Table 3.2, in particular,
the coordinates of the break point in the curves of main CMOD, the coordinates of the peak
in the curves of capillary height, and the final values in all the curves for the final corrosion
depth. These values are taken as a reference of the variability of results between specimens
coming from the same batch and corroded with identical current.
The break point in the curves of main CMOD and the peak in the curves of variation
of capillary height occurred at the same average corrosion depth; thus, for convenience, the
corrosion depth corresponding to those points will be called the critical corrosion depth
xc := xbreak = xpeak . The corrosion depth of the break point had a standard deviation
larger than the peak, because the break in the curves of main CMOD was less pronounced
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than the peak in the curves of capillary height. For the results at the end of the test, the
standard deviation was of the same order than that in the fracture parameters of concrete
(see Sec. 3.1), thus, the differences between the curves may be explained by the heterogeneity of concrete and the variability of fracture process itself, except for the variation of
inner diameter; for these, other factors may affect the results, especially the position of the
measured diameter with respect to the main crack, which, in a sense controls the asymmetry
of the deformation of the tube, and will be discussed in Sec. 4.4.6.
From the results of this batch, it was observed that important changes occurred within
the first 5 µm of corrosion depth, but afterward the curves did not vary their trend. Then
the duration of the subsequent tests was set in accordance: for all the batches, three series
of tests were carried out with 400 µA/cm2 and for 3.0 days, in order to compare the results
between batches; but for the series with densities of 100 and 25 µA/cm2 , durations were
set respectively equal to 8 and 18 days, corresponding to 25 and 13 µm of corrosion depth,
which were adequate to maintain the integrity of the instruments and enough to capture the
peaks of the curves.

3.2.3

Influence of the current density

The results from series 5 to 12 are presented next, which were carried out with densities
of current of 400, 100 and 25 µA/cm2 and up to estimated corrosion depths of 38, 25 and
13 µm, with specimens from batches T05 and T06 to study the influence of the current
density in accelerated corrosion.
Fig. 3.3 shows the curves of results for specimens from batch T05 (series 5 to 7). They
show a clear influence of the current density on the results: The curves of main CMOD —
Fig. 3.3(a), (c) and (e)— display a trend similar to those in tests with 400 µA/cm2 , but the
break points appear later as the density of current decreases, which may be explained by the
oxide diffusing through the pores of concrete and, thus, diminishing the effective expansion
of oxide; however, for higher corrosion depths, the curves of main CMOD for the smaller
intensities almost reached the curves for 400 µA/cm2 . The curves of difference of potential
—Fig. 3.3(b)— showed similar trends in all the cases and were scaled by the intensity; it
should be noticed that some peaks appear for the tests with 100 µA/cm2 that correspond
to refilling of the water bath. The curves of variation of inner diameter —Fig. 3.3(d)—
showed a similar trend in the case of specimens corroded with 100 µA/cm2 ; however, in
specimens corroded with 25 µA/cm2 it decreased up to corrosion depths of 10 µm, which
should be investigated in the future. Finally, in the curves of variation of capillary height —
Fig. 3.3(f)—, the peaks appear later for smaller current densities, as observed in the curves
of main CMOD —i.e., the critical corrosion depth occurred later—, and the maximum
variation of height decreased with the density of current, a phenomenon which should be
investigated in the future.
Fig. 3.4 shows the results for specimens from batch T06. For the tests with a current
density of 100 µA/cm2 , series 9 —marked with dotted lines— one of the specimens presented a critical corrosion depth much less than those seen in the tests with 400 µA/cm2
—see Figs. 3.4(c) and (d)—and so the series was repeated; then series 10 was launched
with specimens T0610, T0611 and T0612, but it had to be stopped and discarded, due to
a long power outage; finally, series 11 was tested that provided reliable results. Similar
results to those with specimens from T05 were obtained, except for one of the specimens
in the series with 100 µA/cm2 —Fig. 3.4(d)— which shows a trend that completely departs
from the other specimen in the series and, rather, merges with the trend displayed by the
54

3.2. Results of accelerated corrosion tests
(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.3: Results of accelerated corrosion tests in specimens of batch T05, corroded with densities of current
of 400, 100 and 25 µA/cm2 and with estimated corrosion depths of 38, 25 and 13 µm, to study the influence of
the current density.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.4: Results of accelerated corrosion tests in specimens of batch T06, corroded with densities of current
of 400, 100 and 25 µA/cm2 and with estimated corrosion depths of 38, 25 and 13 µm, to study the influence of
the current density.
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(a)

(b)

(c)

(d)

Figure 3.5: Results of accelerated corrosion tests in specimens of batch T07, corroded with a current density of
400 µA/cm2 and with estimated corrosion depths of 38, 25 and 13 µm, to study the influence of the corrosion
depth in post corrosion tests.

specimens in the series corresponding to 25 µA/cm2 . It should be noticed that the scatter in
the main CMOD of this batch —Figs. 3.4(a), (c) and (d)— was higher than that in T05, but
also the results of fracture of concrete presented a higher scatter.

3.2.4

Complementary series to study the influence of the corrosion depth

Series 13 to 15 were carried out to study the influence of the corrosion depth in postcorrosion tests, which were corroded with 400 µA/cm2 up to estimated corrosion depths of
38, 25 and 13 µm, respectively.
Fig. 3.5 shows the results of accelerated corrosion tests as mere reference, since these
series are only relevant in post-corrosion tests. The variability was smaller than that observed in the tests with specimens from T03.
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Table 3.3: Results of the gravimetric measurements for each variant of accelerated corrosion tests: batch,
density of current i, theoretical corrosion depth x calculated according to Faraday’s law, number of tubes
analyzed for each variant of accelerated corrosion test, mean loss of weight per unit length ∆w̃g , corrosion
depth xg determined by gravimetry and standard deviation, in percent of the mean.
Batch
T03
T05
T05
T05
T05
T06
T06
T06
T06
T07
T07
T07
T07

3.2.5

i
(µA/cm2 )
400
400
100
25
0
400
100
25
0
400
400
400
0

x
(µm)
37.9
37.9
25.3
13.4
0
37.9
25.3
13.4
0
37.9
25.3
13.4
0

No. tubes
6
3
3
2
9
3
5
3
3
3
3
3
3

∆w̃g
(g/mm)
0.0187
0.0203
0.0170
0.0102
0.0012
0.0231
0.0167
0.0107
0.0006
0.0200
0.0150
0.0093
0.0005

xg
(µm)
37.9
41.1
34.4
20.6
2.38
46.7
33.8
21.7
1.22
40.5
30.4
18.8
1.02

std. dev.
(%)
9
3
3
25
19
4
12
6
57
0.4
8
3
109

Results of gravimetric loss of the specimens

The gravimetric loss of the tubes after accelerated corrosion was determined as follows:
• First, the average initial weight per unit length w̃ of the tubes was calculated using
41 complementary base steel tubes, cleaned in the same manner as those used in
the fabrication of reinforced specimens, finding that it was w̃ = 0.4665 g/mm (see
Appendix C.3.1 for the details of such a study).
• From the final weight of each tube W 0 and its average final length L0 , measured after
removing the oxide as described in Sec. 2.4.7, the final weight per unit length w̃0 was
calculated as:
W0
w̃0 = 0
(3.5)
L
• Next, the loss of weight per unit length ∆w̃g was calculated as:
∆w̃g = w̃

w̃0

(3.6)

• Finally, the corrosion depth xg was calculated, assuming uniform corrosion along the
length of the tube, as:
∆w̃g
xg =
(3.7)
ρπD
with ρ being the density of the steel and D the outer diameter of the tube.
The results for each specimen are included in Appendix C.3.2. From those, the average
results per variant of accelerated corrosion and batch of concrete were calculated. Table 3.3
shows the results for each test variant. In particular, the next information is displayed: the
batch of concrete, the applied density of current i, the theoretical corrosion depth x, the
number of tubes per variant of test, the loss of weight per unit length ∆w̃g , the corrosion
depth xg determined by gravimetry and the standard deviation. For the sake of a clearer
presentation, Fig. 3.6 displays the corrosion depth obtained in gravimetric measurements
versus the theoretical corrosion depth for all the specimens.
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Figure 3.6: Comparison of the corrosion depth xg determined in gravimetric measurements and the corrosion
depth x calculated according to Faraday’s law.

From the results, it is observed that in most of the cases the experimental corrosion
depth was higher than the theoretical. This phenomenon has also been reported by other
authors Alonso et al. (1998) and explained by an acidification of the media, which produces
spontaneous corrosion, and by parts of metal that are not electrolytically dissolved but that
spall out from the metal surface.
With regard to the initial loss of weight during curing —specimens with theoretical
corrosion depth x = 0 µm—, the measured corrosion depth xg was of the same order than
the error in the measurements —which was 2 µm, as calculated in Appendix C.3.2—; thus,
the initial corrosion depth of the specimens can be neglected.

3.3

Crack pattern of the specimens

After accelerated corrosion, concrete slices were impregnated under vacuum with resin
containing fluorescein, as described in Section 2.5, to study the crack pattern of the concrete
prisms along the steel tubes. The results are presented in the next sections.

3.3.1

Treatment of results

After impregnation, the crack pattern of the slices was analyzed as follows, which has
already been reported in Sanz et al. (2013):
• The crack pattern was photographed for all the slices at both sides under natural and
UV light. The pictures of the bottom sides (_b) were turned over so that the crack
pattern in all the pictures was presented as viewed from the top side of accelerated
corrosion tests.
• For a quantitative analysis of the crack pattern, the number of visible cracks was
evaluated at each cross-section; then the mean number of cracks per concrete prism
was computed and, from that, the mean number of cracks per variant of test.
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Figure 3.7: Example of the superposition of the photograph of a cross-section and a graduated circle to measure
the angular position of the cracks (slice T0314_2a).

• The angular position of the root of each visible crack was determined by superimposing the photograph of the cross-sections and a graduated circle, as shown in Fig. 3.7
for one of the slices (T0509_3a); the position of the crack at or near the steel surface
was recorded to the nearest 5º on the inner graduated circle. Then the mean angular
position of each visible crack was calculated at each prism, from which polar plots
were generated.
It should be pointed out that although the process of preparation of the slices did not
introduce new cracks (see Appendix B.8.2) the opening and length of pre-existing cracks
might be altered during the cutting, drying and impregnation of the slices (notably due to
drying shrinkage); thus, only the crack pattern is believed to be reliable, but not the opening
or the length of the cracks.
It should be also noticed that the number of cracks here reported refers only to the cracks
seen with the naked eye in high resolution pictures; however, a different number of cracks
might be found when analyzing the pattern with magnifying instruments or when varying
the quality of the pictures.

3.3.2

General remarks about the pattern of cracking

After accelerated corrosion tests, in all the specimens, a single main crack was observed
that ran through the cover roughly parallel to the axis of the tube, as seen in the example
in Fig. 3.8 (corresponding to T0603, which was corroded with 400 µA/cm2 up to 38 µm
of corrosion depth), but no other cracks were observed with the naked eye on the visible
faces of the prisms (those not covered with resin). However, some secondary cracks were
revealed after cutting the prisms into slices.
When looking the slices under natural light, some secondary cracks diametrically opposite to the main crack were seen with the naked eye, but much thinner secondary cracks and
radial micro-cracks were observed when looking under the microscope; after impregnating the slices with fluorescent resin, when illuminating them with UV light, the secondary
cracks became observable in the wide-field image without need for magnification.
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Figure 3.8: Cracks visible at the laterals faces of the prisms after accelerated corrosion: only the main crack is
observed (picture a).

An example is shown in Figure 3.9 for one of the slices (T0201_2), which was corroded
with 400 µA/cm2 up to 38 µm of corrosion depth and which was selected for delivering
one of the clearest UV images at the printer resolution for gray-shade scale. In the first
picture (a), the slice is seen under natural light; a main crack is seen through the cover,
emanating from the steel and reaching the concrete surface, and a much thinner secondary
crack is hardly viewed diametrically opposite to the main crack. Images (c) and (d) correspond to magnified views at the locations marked by rectangles in (a), and show a thin
secondary crack and a few radial micro-cracks; bright vertical lines are observed on the
steel surface, which were produced during the grinding process. Image (b) corresponds to
the same slice photographed under UV light, after impregnating it with fluorescent resin;
then the secondary cracks become clearly observable in the wide-field image without need
for magnification.
An interesting observation is that the main crack, which is easily seen with the naked
eye before impregnation, does not seem to have taken so much resin inside during the im61
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Figure 3.9: Crack pattern in accelerated corrosion tests for a specimen corroded with 400µA/cm2 and 38 µm
of corrosion depth: general pattern viewed with the naked eye under natural light (a); general pattern of the
slice after being impregnated under vacuum with resin containing fluorescein and illuminated under UV light
(b); magnified views of a secondary crack (c) and various radial micro-cracks (d) at the positions indicated by
the rectangular frames on Image (a).

pregnation, probably because the crack is partially filled with compact black iron oxide; the
same effect is observed at the root of the secondary cracks.
Thus, both views of the slice under natural and under UV light are necessary to study the
crack pattern: the first picture for the main crack and the second picture for the secondary
cracks.
To assess the presence of oxide within the cracks, several slices from prisms of batch
T02 that had not been impregnated were split in two halves along the main crack and its
diametrically opposite crack. An example is given in Figure 3.10, which corresponds to a
slice of the same prism than that in Fig. 3.9 (slice T0201_1). All of the split slices showed
clear evidence of an extended oxide layer within the main crack and over the concrete in
contact with the steel, while a narrow layer of oxide was found at the beginning of the
secondary crack; the light gray spots at the main crack correspond to aggregates that were
torn away when splitting the slices. Further research is necessary to disclose the transport
mechanism of the oxide along the main crack; since in the conducted tests the specimens
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Figure 3.10: Slice split in two along the main crack and the diametrically opposite crack showing extended
oxide layers within the main crack and over the contact with the steel and a narrow oxide layer within the
opposite crack.

were submerged in water, one possibility is transport of dissolved ions —driven by the
imposed electric field— along the channel provided by the crack, followed by progressive
reaction of the moving ions to insoluble forms that would then precipitate on the surfaces.
A detailed non-destructive study to assess the presence of oxide within the cracks was
posteriorly carried out using slices of batches T05 and T07, as explained in Sec. 2.6.

3.3.3

Variability of the pattern in specimens with similar characteristics

The pattern of cracking was analyzed in 12 slices obtained from 6 prisms from batch
T03 that were corroded with a current density of 400 µA/cm2 and with an estimated corrosion depth of 38 µm (accelerated corrosion tests described in Sec. 3.2.2).
Previously, a similar analysis was carried out with other 10 slices from specimens from
batches T02 and T03, corroded with the same current density and corrosion depth, which is
reported in Sanz et al. (2013) and which was the predecessor of the results presented here.
Similar conclusions to those explained next were obtained from that study; however, the
patterns of those slices are not presented in this document, since those accelerated corrosion
tests were less instrumented and no other post corrosion tests were carried out.
Pictures of all the specimens and the corresponding polar plots are included in Appendix C.4.1. After inspecting the photographs of the slices, the visual perception was that
the patterns were qualitatively very similar to that in Fig. 3.9, with a well defined main
crack and several secondary cracks irradiating from the reinforcement towards the external
boundary of the specimen without reaching its outer boundary. However, a closer observation revealed a very complex structure, with bifurcation of cracks in some occasions (see
Fig. 3.7 at nine o’clock) or two cracks reaching the same point (see Fig. 3.7 for the cracks
at four and five o’clock). It was observed that the number of cracks in the experiments
varied appreciably from one specimen to another and even from a cross-section to another
in the same specimen. The total number of visible cracks was 143. Fig. 3.11 shows a histogram of the number of cracks at each cross-section. Most of the cross-section displayed
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Figure 3.11: Crack histogram of the number of visible cracks at each cross-section for specimens of batch T03,
corroded with 400 µA/cm2 and with an estimated corrosion depth of 38 µm.
Table 3.4: Results of crack pattern for each variant of accelerated corrosion tests: batch, current density i, theoretical corrosion depth x, number of slices analyzed, number of cracks per section —mean, standard deviation,
minimum and maximum— and overall standard deviation of the angular position of the cracks.
Batch
T03
T05

T06

T07

i
(µA/cm2 )
400
400
100
25
400
100
25
400
400
400

x
(µm)
38
38
25
13
38
25
13
38
25
13

No. slices
12
6
6
6
6
12
6
6
6
6

mean
5.96
6.67
5.67
3.17
6.42
5.08
3.08
6.83
5.42
4.33

Number of cracks
std. dev. max.
1.30
8
0.89
8
0.89
7
0.83
5
1.16
8
0.97
7
1.00
5
1.34
9
0.79
7
0.98
6

min.
4
5
4
2
4
3
2
4
4
3

Position
std. dev. (º)
8.49
8.27
8.70
12.07
8.58
6.61
10.21
7.35
7.62
8.17

5 or 6 cracks, including the main crack, but there were 11 sections that displayed 3, 7 or
8 cracks. The average results of the number of cracks and their position are included in
Table 3.4 (which also displays the results shown in the next sections). The average number
of cracks was 5.96 with a standard deviation of 1.30 cracks.
When the position of the cracks in addition to their number was compared for all the
specimens, it was found that the exact position of the cracks vary appreciably between specimens but even between slices obtained from the same specimen. To quantify this effect, the
angular position of the cracks near the steel tube was evaluated as explained in Sec. 3.3.1
and the average position of a given crack was calculated for a given specimen, from which
polar plots were generated that are shown in Fig. 3.12. The position of a crack varied from
section to section with an overall standard deviation of 8.49º; this is equivalent to a length
of about 1.48 mm along the circumference of the steel tube, which is well below the maximum aggregate size of concrete. However, when the position of the cracks in different
specimens was compared, the exact position of the cracks —even that of the main crack—
was so scattered that it is difficult, if not impossible, to find a systematic correspondence
between cracks other than the main crack, which is attributable to the intrinsic heterogeneity
of concrete.
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Figure 3.12: Polar plots of the mean angular position of the cracks for specimens of batch T03, corroded with
400 µA/cm2 and with an estimated corrosion depth of 38 µm. The number of sections at which the cracks were
visible is indicated according to the legend.

3.3.4

Influence of the corrosion depth

The influence of the total intensity, i.e., of the corrosion depth, on the crack pattern was
studied using 18 slices coming from 9 concrete prisms of batch T07 that were corroded
with 400 µA/cm2 and with estimated corrosion depths of 38, 25 and 13 µm (accelerated
corrosion tests in Sec. 3.2.4). Fig. 3.13 shows an example of the crack pattern for each
corrosion depth; the corresponding polar plots are included in Fig. 3.15 (see Appendix C.4.1
for pictures of the pattern and the polar plot of all the specimens).
In all the specimens, a main crack was clearly defined through the cover, independently
of the corrosion depth. However, the number of secondary cracks diminished nearly linearly
with the corrosion depth. Table 3.4 displays the average results. In the slices with x =
38 µm of corrosion depth, a well defined pattern of cracks was observed with 4 to 8 cracks
(including the main crack), except for one cross-section with 9 cracks, distributed around
the reinforcement, as seen in Fig. 3.15. For the slices with less corrosion depth, the number
of secondary cracks diminished —it ranged from 4 to 7 for specimens with x = 25 µm and
from 3 to 6 for x = 13 µm— and the cracks seemed shorter and thinner, although it should
be pointed out again that the width and length of the cracks in the impregnated slices was
not reliable since they could be altered during the process of preparation.

3.3.5

Influence of the current density

The influence of the current density was studied using 36 slices coming from 18 concrete
prisms from batches T05 and T06 that were corroded with densities of current of 400,
100 and 25 µA/cm2 and with estimated corrosion depths of 38, 25 and 13 µm respectively
(accelerated corrosion tests in Sec. 3.2.3).
Fig. 3.14 shows an example of the crack pattern for each density of current and the
corresponding polar plots are included in Fig. 3.15 (see Appendix C.4.1 for the results of all
the specimens). As in the previous section, a well defined main crack was observed in all the
specimens and several secondary cracks that diminished in number with the corrosion depth
(3 to 7 secondary cracks for x = 38 µm, 2 to 6 for x = 25 µm and 1 to 4 for x = 13 µm).
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Figure 3.13: Typical crack patterns obtained for specimens corroded with a current density of 400 µA/cm2 and
with estimated corrosion depths of 38, 25 and 13 µm.
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Figure 3.14: Typical crack patterns obtained for specimens corroded with 400, 100 and 25 µA/cm2 and with
estimated corrosion depths of 38, 25 and 13 µm.
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Figure 3.15: Typical polar plots of the mean angular position of the cracks depending on the density of current
and the corrosion depth. The number of sections at which the cracks were visible is indicated according to the
legend.

Table 3.4 displays the average for each corrosion depth and density of current. To determine whether the crack pattern of the specimens of batches T05 and T06 can be compared
to that of specimens of batch T07, the crack pattern of the specimens with similar corrosion
(400 µmA/cm2 and 38 µm of corrosion depth) were analyzed; the variability between the
pattern in those slices was of the same order than the scatter observed in slices of batch T03;
thus, no relevant differences between batches were observed, and the crack pattern of the
specimens of those batches can be compared.
Then the crack pattern of the specimens corroded with 100 and 25 µmA/cm2 of batches
T05 and T06 was compared to that of the specimens with the same corrosion depth and
400 µmA/cm2 of batch T07, to analyze the influence of the density of current. To illustrate the results, the mean and the standard deviation of the number of cracks are drawn in
Fig. 3.16 for each variant of accelerated corrosion tests and each batch. In all the cases,
the corrosion depth influenced the number of visible cracks: the less the corrosion depth,
the less the number of cracks. However, the differences between specimens with the same
corrosion depth but different current density were less than the scatter in the measurements;
thus, no clear influence of the current density is observed on the number of cracks.
When comparing the polar plots of the specimens (Fig. 3.15), it is noticed that for the
specimens corroded with a current density of 25 µA/cm2 , the cracks are distributed around
the tube more irregularly than in the specimens with 400 µA/cm2 , and in some occasions
they appear concentrated in an area of 180º (see T0605 in Fig. 3.15 as an example).
The overall standard deviation of the position of a given cracks was of the same order
than that observed in specimens of batch T03. The maximum deviation was 12.07º, which
is equivalent to a length of 2.1 mm along the circumference of the reinforcement and is well
below the maximum aggregate size of concrete.
From the foregoing results, it can be concluded that the number of visible cracks was
affected by the corrosion depth of the specimen, but not by the density of current. However,
the density of current seems to affect the distribution of cracks around the reinforcement,
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Figure 3.16: Average number of cracks per section versus corrosion depth and each density of current.
Table 3.5: Number of cracks for each corrosion depth, calculated for all the batches of concrete: corrosion
depth x, number of slices, mean and standard deviation of the number of cracks per cross-section.
x
(µm)
38
25
13

No. slices

Number of cracks
mean
std. dev.
6.37
1.23
5.31
0.93
3.53
1.08

30
24
18

although further research is necessary before a firm conclusion can be drawn in this respect.
For completeness of the results, the mean number of cracks was computed for each corrosion depth, taking into account the specimens from the four batches of concrete. Table 3.5
displays the results.

3.4

Results of the EDX analysis

The map of Fe within the cracks was determined at impregnated slices, as described in
Sec. 2.6. The results are presented in the next sections.

3.4.1

Treatment of results

From the microscopic analysis, two image files were obtained for each analyzed site,
as shown in the example in Fig. 3.17 (which corresponds to one of the sites analyzed in
slice T0702_4a): first, a high resolution picture of the site —Fig. 3.17(a)— in which the
mapped zone is marked with a magenta rectangle, and, second, an image of the map of
Fe —Fig. 3.17(b)—. In the pictures of map of Fe, the pixels at which Fe was found were
colored in white. The images of map of Fe were processed as explained next:
• First of all, for the shake of a good visibility of the points indicating the presence
of Fe, the color settings of the images were modified using the free domain program
GIMP, to obtain images as that shown in Fig. 3.17(c). A script was programed in
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Figure 3.17: Example of the images of map of Fe obtained for one of the sites analyzed (slice T0702_4a): high
resolution picture of the site (a), map of Fe as obtained from the microscope (b) and treated map of Fe as used
in the presentation of results (c).

script-fu language, which carried out the following operations: first, the colors were
inverted to turn the white points into black; then the levels of color were transformed
from input intensities of (210, 230) to output intensities of (0, 250), with a gamma
factor of 0.5; finally, the white color was sent to alpha to give transparency to the
background of the images.
• Next, the maps were delimited by orange frames and were built over a discolored
picture of the slice viewed with the naked eye under UV light, to have an overall view
of the map of Fe (see Fig. 3.18 as an example). Magnified views of the most interesting zones of the slice were shown in frames around the picture of the slice that were
marked with black rectangles. Each frame contained three views of a given zone:
first, a full-color image of the zone illuminated with UV light, in the middle, a combined view of the maps of Fe superimposed on the previous picture after discoloring
it and, third, a view containing only the maps of Fe.

3.4.2

General aspects of the analysis of the slices

For the mapping of Fe, 18 slices were analyzed, 3 slices per variant of accelerated
corrosion tests, coming from the specimens of batches T05 and T07. Figs. 3.18 to 3.20
show the results of one cross-section per variant of tests (see Appendix C.5 for the results
of all the cross-sections).
In all the cases, when Fe was found, it corresponded to non-brighting zones of the cracks
in the UV pictures (see T0512_4a in Fig. 3.18, frames (a) and (d), as clear examples of that),
which confirmed the hypothesis in Sec. 3.3.2 that some cracks were infiltrated with black
iron oxide. However, in some exceptional cases (e.g., T0709_4a(a), Fig. 3.20), oxide was
seen in the picture but was not detected in the analysis, probably because there is a layer of
resin covering it.
Other interesting observations were extracted from the EDX analysis of the slices:
• In some occasions the main crack had two roots that joined after some millimeters, with oxide in both (e.g., T0510_4a(a), Fig. 3.18) or only in one of them (e.g.,
T0516_2b(a), Fig. 3.19).
• Micro-cracks developed around the root of the main crack that were full of oxide
(e.g., T0512_4a(a), Fig. 3.18) or around the root of some secondary cracks (e.g.,
T0709_4a(d), Fig. 3.20).
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Figure 3.18: Map of Fe in specimens with densities of current of 400 and 100 µA/cm2 and estimated corrosion
depths of 38 and 25 µm respectively (specimens T0510_4a and T0512_4a).
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Figure 3.19: Map of Fe in specimens with densities of current of 25 and 400 µA/cm2 and estimated corrosion
depths of 13 and 38 µm respectively (specimens T0516_2b and T0703_4a).
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Figure 3.20: Map of Fe in specimens with a current density of 400 µA/cm2 and estimated corrosion depths of
25 and 13 µm (specimens T0709_4a and T0705_4a).
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• Some cracks contained a few millimeters of oxide only at their beginning (e.g., top
crack in T0510_4a(b), Fig. 3.18) or even did not contain oxide at all (e.g., T0512_4a(b)
and (d) in Fig. 3.18 and T0516_2b(c) and T0703_4a(b)-top in Fig. 3.19).
• Occasionally pores were found around the tube that were full of oxide (for example,
T0709_4a(b), Fig. 3.20). Other pores were found with an oxide layer deposited at the
concrete surface (e.g., T0510_4a(b) and T0512_4a(c) in Fig. 3.18, and T0705_4a(d)
in Fig. 3.20). Cracks developed from them in some cases, full of oxide at their
root (e.g., T0512_4a(d) in Fig. 3.18, T0703_4a(c) in Fig. 3.19 and T0705_4a(c) in
Fig. 3.20) or without oxide (e.g., T0709_4a(b), Fig. 3.20).

3.4.3

Influence of the corrosion depth and the current density

Iron oxide was found in the main crack of all the slices, independently of the variant of
test, although a thicker layer was observed for the slices with the deepest corrosion.
However, for the slices with less corrosion, the number of secondary cracks with oxide
at their beginning diminished and also the length of oxide within them: for the specimens
corroded up to x = 38 µm —T0510_4a in Fig. 3.18 and T0703_4a in Fig. 3.19—, oxide
was found within at least two or three secondary cracks, and for x = 25 µm —T0512_4a
in Fig. 3.18 and T0709_4a in Fig. 3.20— oxide was found at least in one crack, while for
x = 13 µm —T0516_2b in Fig. 3.19 and T0705_4a in Fig. 3.20— oxide was hardly found
in any secondary crack.
Regarding the influence of the current density for specimens with a similar corrosion
depth, the visual sensation is that the less the current density, the shorter the length of oxide
within the cracks. However, a thorough quantitative study of this issue should be carried
out in the future before a firm conclusion can be drawn.

3.5

Results of the push-out tests

Push-out tests were carried out to determine the bond between the steel and the concrete
after accelerated corrosion, as described in Section 2.7. The results are described in the next
sections.

3.5.1

Treatment of results

After the tests, the results of load, displacement of the tube and opening of the main
crack were processed following some of the steps of the method of analysis of three-point
bending tests (Planas et al., 2007), and the stress at the steel-concrete interface was computed, as explained next. Fig. 3.21 shows an example of a load-displacement curve (P vs δ),
as obtained from the experiments, and illustrates some of the steps in the calculations. To
automatically compute such operations, a routine was programmed in C++ language, which
read a file containing the basic information about the test and the geometry of the specimen
and carried out the next calculations:
• First of all, it computed the maximum load Pu and the load P1 corresponding to the
end of the preload δ1 , which was indicated by the user (point A in Fig. 3.21(a)).
• Next, it replaced the part corresponding to the preload by a linear branch as follows:
it computed a linear fit of the load-displacement curve within the range (P1 , P1 +
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Figure 3.21: Example of a experimental curve of load P versus displacement of the tube δ obtained in push-out
tests (a) and treatment of results (b): the part corresponding to the preload was replaced by a linear fit of the
data lying between points A and B.

0.15Pu ) (points A and B in Fig. 3.21(a)) and replaced the records with P < P1 by
the linear fit (points below A were replaced by the segment CA in Fig. 3.21(b)). Then
the curve was moved to the origin (point C was moved to 0) and finally the linear
approximation was removed from the record (i.e., point C was deleted, so the curves
began at point A). It should be pointed out that the linear regression in three-point
bending tests was computed within the range (0.15Pu , 0.55Pu ); however, in pushout tests the curve was linear in a narrower band, thus, the range was restricted to
0.15Pu instead of 0.40Pu .
• For the specimens at which the opening of the crack was recorded, the same operations were carried out for the curve of load v.s. crack opening.
• Finally, the stress τ at the steel-concrete interface was computed taking into account
the actual surface of contact between the steel and the concrete, assuming uniform
stress and no elastic deformation at the tube, as:
τ=

P
πD(L − δ)

(3.8)

where P is the load, D is the outer diameter of the steel tube (i.e., D = 20 mm), L
is the average length of the tube and δ is the displacement of the tube, which was
measured by the lvdt transducer.
The curves of stress versus displacement and the curves of stress versus crack width were
drawn for each test up to a displacement of 1000 µm, although the final displacement was
nearly 2000 µm. The actual curves of load versus displacement and crack width are included
in Appendix C.6; the geometry and the parameters for each specimen are also indicated
there. The results are presented in the next sections.
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T03

Figure 3.22: Curves of stress versus displacement obtained in push-out tests for specimens corroded with 400
µA/cm2 and 38 µm of corrosion depth of batch T03.

Table 3.6: Mean and standard deviation of results of push-out tests in specimens of batch T03, corroded with
400 µmA/cm2 and 38 µm of corrosion depth: initial slope of the curve stress-displacement s and stress τu and
displacement δu for the peak of the curve.

average
std. dev.

3.5.2

s (MPa/mm)
(MPa/mm)
0.040
0.013

τu
(MPa)
2.68
0.37

δu
(µm)
62
11

General remarks and variability of results in specimens with similar
characteristics

The bond was analyzed in 6 slices coming from 6 prisms of batch T03 that were corroded with a current density of 400 µA/cm2 and with an estimated corrosion depth of 38 µm
(accelerated corrosion tests of Sec. 3.2.2). One of the tests had to be discarded (T0312_3),
since the ends of the tube in this slice were not sandpapered and the tube got locked in one
of the loading parts.
Fig. 3.22 shows the resulting curves of stress versus displacement. The curves presented
an initial steep slope, a peak, and then a progressive descent indicating a residual bond
stress. Table 3.6 includes the mean and the standard deviation of the initial slope and the
stress and displacement of the peak of the curve. The maximum stress was reached within
a range of 47.5–75.2 µm of displacement of the tube.
Some unloads were carried out in two specimens (slices T0315_3 and T0316_3) after
reaching the peak, at 200 and 600 µm of displacement of the tube. The unloading curves
were nearly vertical and a high permanent deformation was observed; the reloading curves
were linear at the beginning and then smoothly curved to approximately recover the monotonic curve after a relatively large displacement (of the order of 100 µm).
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T07

Figure 3.23: Curves of stress versus displacement obtained in push-out tests for specimens corroded with 400
µA/cm2 and 38, 25 and 13 µm of corrosion depth of batch T07.

3.5.3

Influence of the corrosion depth

The influence of the corrosion depth on the bond was studied using 9 slices coming from
9 prisms of batch T07 that were corroded with 400 µA/cm2 and with estimated corrosion
depths of 38, 25 and 13 µm (accelerated corrosion tests of Sec. 3.2.4).
Fig. 3.23 shows the resulting curves of stress versus displacement. The maximum stress
was very similar in all the cases, but the stress in the tail of the curve was higher for the
specimens with less corrosion depth. The peaks occurred within a range of 37.2–48.7 µm
of displacement of the tube.
Unloadings were carried out in several slices (T0708_3 and T0709_3 for x = 25 µm
and T0705_3 and T0706_3 for x = 13 µm), which presented a similar behavior to those
of T03 with x = 38 µm, i.e., a large plastic deformation and recovering of the stress when
reloading.

3.5.4

Influence of the current density

The influence of the current density on the bond was analyzed using 21 slices of specimens from batches T05 and T06 that were corroded with densities of current of 400, 100
and 25 µA/cm2 and with estimated corrosion depths of 38, 25 and 13 µm (accelerated corrosion tests described in Sec. 3.2.3). The tests on slices T0509_2 and T0516_3 had to be
discarded, due to an excessive preload and to accidental damage of the tube respectively.
Fig. 3.24 shows the curves of stress versus displacement. During the experiments, an
abrupt drop occurred after the peak in the specimens corroded with 25 µA/cm2 (accompanied by a loud sound), which was specially noticed in the curves of T05, while no peculiarities were observed in the specimens corroded with 100 µA/cm2 . In the specimens of T05,
the maximum stress decreased with the corrosion depth; however, for the specimens of T06,
the curves were so scattered that no common trends were observed. Regarding the stress at
the tail of the curves, the specimens with less corrosion had a higher stress in both batches,
although the difference was not so marked as with the specimens from T07 discussed in
77

Chapter 3. Results of the experiments

(a) T05

(b) T06

Figure 3.24: Curves of stress versus displacement obtained in push-out tests for the specimens corroded with
400, 100 and 25 µA/cm2 and 38, 25 and 13 µm of corrosion depth of batches T05 (a) and T06 (b).

78

3.5. Results of the push-out tests

the previous section. The maximum stresses corresponded to ranges wider than those for
specimens from T07: 34.3–69.9 µm for T05 and 37.8–68.9 µm for T06. From that, it was
concluded that the current density affected the displacement of the peaks and the residual
stress, but further tests should be carried out to disclose the factors that explain this behavior
and such a high scatter.
Two unloadings were carried out in one of the specimens of T05 (specimen T0510_3),
and a behavior was observed similar to that mentioned in previous sections.

3.5.5

Crack opening during push-out

Since it was observed that the width of the main crack increased during push-out, its
opening was measured in various tests, to study whether the opening had any relation with
the stress at the tail of the curves (see Appendix C.6 for a list of the tests at which the
opening was measured). In particular, it was measured in slices coming from batches T06
and T07.
Figs. 3.25(a) and (b) show the curves of stress versus crack opening for the specimens
of each batch. The curves resemble the shape of the stress-displacement curves, and it is
observed that the crack width continuously increased during the tests; however, the scatter between specimens with similar corrosion was smaller than in the stress-displacement
curves, specially in the case of T07 (a). Figs. 3.25(c) and (d) shows the curves of crack
opening versus displacement of the tube. In all the cases, the curves were smoothly increasing during the tests, with a slow growth before the peaks of stress, then a fast increase with
a continuous slowdown. It is observed that the curves were grouped by the corrosion depth:
the less the corrosion depth of the specimen, the less the crack opening during push-out.
Unloads were carried out in specimens of T07 with corrosion depths of 25 and 13 µm
—Fig. 3.25(a). During unloading, the crack width varied less than 3 µm.
From these results, it is concluded that the crack width may affect the residual stress,
due to the loss of confinement; unfortunately, the crack opening was measured in too few
specimens, so further tests should be carried out in the future to disclose the factors governing the bond properties at the interface of the tubes.

3.5.6

Bond in specimens not subjected to accelerated corrosion

Complementarily, push-out tests were carried out in specimens not subjected to accelerated corrosion; in particular, in 9 slices of specimens from batch T05, 3 slices from T06
and 3 slices from T07.
Fig. 3.26 shows the curves of stress versus displacement. For specimens from batch
T05, the stress increased up to a peak and then was almost constant during the test; the
maximum stress was less than that in corroded specimens. However, for specimens from
batches T06 and T07, the behavior was similar to that observed in specimens corroded with
25 µA/cm2 , with an abrupt drop after the peak, and the maximum stress was closer to that
measured in corroded specimens. Such differences between batches can not be explained
by the author at this stage of the research; further tests will be needed to disclose the factors
affecting the bond in specimens not subjected to accelerated corrosion.
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(a) T07

(b) T06

(c)

(d)

Figure 3.25: Curves of stress versus crack opening (a) and (b), and crack opening versus displacement (c) and
(d) obtained in push-out tests for specimens with 400, 100 and 25 µA/cm2 and 38, 25 and 13 µm of corrosion
depth of batches T07 and T06.
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(a) T05

(b) T06

(c) T07

Figure 3.26: Curves of stress versus displacement obtained in push-out tests for specimens not subjected to
accelerated corrosion of batches T05 (a), T06 (b) and T07 (c).
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Numerical modeling and fitting to the experimental results
4.1

Outline of the numerical simulations

Simulations of accelerated corrosion tests were carried out to reproduce cracking of
concrete due to reinforcement corrosion. The joint analysis of the numerical and the experimental results permits to disclose essential aspects about the oxide. Fig. 4.1 shows an
outline of the simulations.
To reproduce the volumetric expansion of oxide —Fig. 4.1(a)—, an interface element
called expansive joint element was programmed within the finite element framework COFE
(Continuum Oriented Finite Element), which has already been presented in Sanz et al.
(2008, 2013). To simulate fracture of concrete, finite elements with an embedded adaptable cohesive crack were used (Sancho et al., 2007a,b) that follow the standard cohesive
model introduced by Hillerborg et al. (1976).
For the fracture parameters of concrete, experimental values were used that were determined in the experiments presented in Sec. 2.3, and for the steel, standard values were
assumed. However, for the constitutive parameters of oxide, no experimental information
was available initially, since it is very difficult to determine them in direct tests, and, thus,
their values had to be assumed. As a first premise, a fluid-like behavior was assumed for
the oxide, as found in Molina et al. (1993), and the values of the parameters were set ad hoc
to achieve strongly reduced shear stiffness and normal stiffness in tension while keeping
the computations stable, which was proved to be essential to achieve proper localization of
cracks. Then numerical studies were conducted and the parameters were adjusted to fit the
results observed in accelerated corrosion tests.
As a starting point, simulations were computed on 2D FE models of the specimens
described in Sec. 2.2.3, except that a bar was used as reinforcement instead of a tube —
Fig. 4.1(b)—, which served to speed up the computations. These computations served
to assess the ability of the model to reproduce real cracking. Then a parametric study
was conducted to analyze the numerical stability for variations in the parameters of the
model and approximate ranges of values were obtained for the constitutive parameters of
the expansive joint element.
Next, simulations were computed for models that reproduced the exact geometry of the
specimens in Sec. 2.2.3, with a tube as reinforcement —Fig. 4.1(c)— and the curves of
main CMOD, variation of inner diameter and variation of inner volume of the tubes were
computed, which were compared to the experimental results, in addition to the pattern of
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cracking. From base simulations using the foregoing optimized parameters of oxide, some
differences were found respect to the experimental results that were not manifested in the
simulations with a bar. Then a parametric study was computed, to check the numerical stability of the simulations, and the parameters of the model were modified to fit the numerical
results to those in the experiments, which provided definitive values for the constitutive parameters of the expansive joint element. Finally, the tests were simulated for all the batches
of concrete.
The structure of this chapter is as follows: the basic features of the model are presented
in Sec. 4.2, Sec. 4.3 describes the parameters in the simulations and Sec. 4.4 shows the
results. The formulation of the model and the results of the parametric studies are detailed
in Appendix D.

4.2

Numerical model

The finite element simulations rest on two basic models: the cracking model and the
oxide layer model, which we describe in this section.

4.2.1

Model for the cracking of concrete

Fracture of concrete is modeled using the standard cohesive crack, introduced by Hillerborg et al. (1976). In that model, the stresses in concrete are assumed to follow a softening
curve that depends on the opening width of the crack, as presented in Sec. 1.3. The cohesive behavior of concrete was characterized in independent tests following the procedure
described in Planas et al. (2007).
Concrete cracking is numerically modeled using a relatively simple implementation
which combines constant strain elements with an embedded cohesive crack with limited
adaptability (Sancho et al., 2007a,b). The cohesive crack used in the element formulation
is the simplest 3D extension of the standard cohesive crack under pure opening mode. It is
fully characterized by a single scalar softening function, the same as for pure Mode I crack
growth, and the extension is based on the assumption that the forces are central, i.e., that
the cohesive traction vector on one crack face is proportional to the relative displacement
vector of the two crack faces.
The softening curve presents a strong non-linearity, as it was shown in Fig. 1.7, an
expanded version of which is displayed in Fig. 4.2. To simplify the calculations, in this work
linear and bilinear approximations were used. The linear approximation —Fig. 4.2(b)—
was used in the first calculations with the model and in parametric studies, to speed up the
computations, since it is adequate to describe initiation of cracking; it is defined by the
tensile strength of concrete ft and its intercept with the abscissas axis w1 . The bilinear
curve —Fig. 4.2(c)— was used in the final simulations of the tests, which is more accurate;
it is defined by the mentioned parameters ft and w1 plus the fracture energy of concrete GF
and the stress at the kink point σk . It should be noticed that the fracture energy in the linear
curve, GF1 , is roughly half of the total fracture energy GF (Bazant and Planas, 1998).
The limited adaptability of the crack embedded in the element is actually a numerical
expedient to avoid crack locking while keeping the formulation strictly local. It allows the
crack to rotate to adapt itself to the local stress fields if the crack opening is smaller than a
given threshold wth , which, by default, is taken to be 0.2GF1 /ft , in which GF1 and ft are
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Figure 4.1: Outline of the numerical simulations in this work.
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Figure 4.2: Softening curve of concrete according to the standard cohesive model (a), linear approximation (b),
which is defined by the tensile strength of concrete ft and the horizontal intercept with the abscissas axis w1
and has a fracture energy GF1 , and bilinear approximation (c), which is defined by the two latter parameters,
the fracture energy of concrete GF and the stress at the kink point σk .

defined in Figure 4.2(b). More generally, we take the threshold to be
wth = α0 w1

(4.1)

and call α0 the adaptation factor of the embedded crack. Further details can be found in
Sancho et al. (2007a,b).

4.2.2

Model for the expansion of the oxide

The expansion of the oxide produced by a uniform oxidization of the reinforcement
can be simulated by a pseudo thermal expansion of the steel bar. However, if perfect bond
between the steel and the concrete is assumed, the cracking is distributed in the volume
and no localized cracks appear until late stages of corrosion, when high tensile stresses
are reached close to the outer surface of the concrete, as shown in Guzman’s results from
independent calculations using the same type of finite elements used in the present work
(Guzmán et al., 2007, 2011, 2012).
To describe the actual behavior, it is essential to model the relative displacement between the concrete and the steel when an oxide layer is formed between them. To do so,
special interface elements are inserted between the steel and the concrete. Such interface
elements, the so-called expansive joint elements, incorporate both the expansion and the
evolving mechanical properties of the oxide layer, and has already been presented in Sanz
et al. (2008, 2013). Implementation of the elements was performed within the finite element framework COFE (Continuum Oriented Finite Elements), a particular finite element
program written by J. Planas and J.M. Sancho, using C++ generic programming which provides high level constructs to define tensorial constitutive models.
During the corrosion process, there is a layer of steel which is transformed into oxide,
as sketched in Fig. 4.3(a); the thickness of such a layer is the corrosion depth x. The loss
of steel, however, is over-compensated by the oxidization because the specific volume of
the oxide is greater than the specific volume of the steel, resulting in a net expansion of the
corroded layer of steel, βx. In order to simplify the calculations, the expansive joint element
only includes the net volumetric expansion βx of the oxide while the steel section remains
constant; the composite behavior is obtained by a series-coupling model as explained later.
The expansive joint element is a four-node element, as depicted in Fig. 4.3(b), with
zero initial thickness, that models the growth of the oxide as an expansion perpendicular
to the initial surface of the steel, which coincides with the line joining the nodes 0 and 1;
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Figure 4.3: Sketch of the expansive joint element: physical formation of oxide and modeling with the expansive joint element (a) and node-layout, length and directionality of an element with zero initial expansion
(b). Analytical and numerical curves of the normal stiffness of the expansive joint element (c); a cut-off of the
stiffness is set to avoid numerical instabilities.

geometrically, the element is fully defined by the normal exterior to the steel surface n and
by its length l.
The free volumetric expansion is assumed to depend linearly on the corrosion depth and
on an expansion factor β, which is defined by the ratio of the specific volumes of the oxide
vox and the steel vst as
vox
β=
−1
(4.2)
vst
For a free expansion of the oxide, without any other mechanical actions, the traction
vector t acting on the element is assumed to be zero. However, when there is a mechanical
displacement w apart from the free expansion, the traction vector is calculated as
t = kn (w n − βx)n + kt [w − (w n)n]

(4.3)

where n is the normal direction to the element and kn and kt are, respectively, the normal
and shear stiffnesses of the expansive joint element.
The composite stiffnesses kn and kt are calculated to maintain mechanical equivalence
of the real and the simulated systems, based on the properties of the steel, the real oxide and
the expansion factor β, using a series coupling model.
From a simple analysis, it was found that the stiffnesses are inversely proportional to
the thickness of the oxide layer and, thus, also to the corrosion depth, i.e.,
kn /

1
,
x

kt /

1
x

(4.4)

which means that, as one might expect, the stiffness of the corrosion layer is infinite when
its thickness is zero.
To avoid numerical instabilities during the calculations for very small values of corrosion depth, a cut-off is set for a given corrosion depth x0 , and the stiffnesses are taken as
constant for corrosion depths smaller than x0 , as shown in Fig. 4.3(c). Thus, the numerical
law for the normal stiffness is written as
( 0
if x x0
kn
(4.5)
kn =
0 x0
if x > x0
kn
x
and a similar expression is obtained for the shear stiffness.
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The model incorporates a debonding ability to allow easy relative movement of the steel
and the concrete in shear and tension, which is necessary to achieve proper localization of
the cracks (see Appendix D.2). This is accomplished by taking a shear stiffness substantially
less than the normal stiffness (kt
kn ) and by strong directionality of the normal stiffness,
implemented through a directionality factor η, which is equal to 1.0 for compression and
much less than 1.0 for tension, i.e.,

1
if w n βx 0
η=
(4.6)
ηt
1 if w n βx > 0
with, furthermore, Equation (4.3) for the joint replaced by
t = ηkn (w n

βx)n + kt [w

(w n)n]

(4.7)

The formulation of the element is detailed in Appendix D.1. Currently, the oxide layer
behaves elastically because no available data exist to support more sophisticated models.

4.3
4.3.1

Parameters in the simulations
General characteristics of the simulations

Simulations were carried out on 2D FE models of the specimens described in Sec. 2.2.3,
firstly with a bar as reinforcement and then with a tube that reproduced the exact geometry
of those in the specimens. The diameter of the bars was equal to the outer diameter of the
tubes.
The mesh was generated using the Finite Element mesh pre and post processor Gmsh
from Geuzaine and Remacle (2009). Fig. 4.4 shows a sketch of the mesh for the prisms with
a bar (a) and with a tube (b). The concrete elements were constant strain triangles (CST)
with an embedded crack; for the steel, CST were used in the simulations with a bar, and
enhanced quadrilaterals in the simulations with a tube; the oxide was modeled with fournode expansive joint elements. The size of the elements of concrete at the outer boundary
was set equal to 5.0 times the length of the elements at the steel-concrete interface. The
boundary conditions of the problem were two simple supports at the base of the concrete
section.
The calculations were driven by the corrosion depth x, from which the free radial expansion βx was computed at each step. A total corrosion depth of 20 µm was applied in
40 steps, which, although considerably less than the depth reached in most of the series of
tests, was enough to produce a stable pattern of localized cracks. The computational limitation comes from the known fact that when the (numerical) crack tip approaches a free
surface in bending mode (i.e., with a compression zone ahead of the crack tip), as happens
with the longest secondary crack in the present geometry, it tends to curl over itself and to
block due to excessive gradients. However, as pointed out before, for the expansion corresponding to a depth of 20 µm the simulations already show a well defined and stable crack
pattern, which can be confidently used to be compared with those seen in the experimental
results.
Regarding the modeling and parameters of the materials, the steel was modeled as linear
elastic, assuming standard values, and the concrete followed a cohesive model whose fracture parameters were determined from mechanical tests (Sec. 2.3). The oxide was modeled
with expansive joint elements; as no experimental information was available, the values
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Figure 4.4: Models used in finite element simulations: concrete prism with a solid steel bar as reinforcement
(a) and concrete prism with a steel tube (b).
Table 4.1: Characterization of the materials in the simulations.
Material
Steel
Concrete
Oxide

Model
Linear elastic
Cohesive crack
Expansive joint

Parameters
Standard
Determined in mechanical tests (Sec. 2.3)
Modified in each study accordingly to the preceding results

of its constitutive parameters had to be assumed at first and were modified in subsequent
studies, accordingly to the preceding results. Table 4.1 summarizes the main aspects of the
materials in the simulations; the values of the parameters for each study are indicated in the
corresponding sections.

4.3.2

Simulations of prisms with a bar

Simulations were carried out on prisms with a bar, for a first assessment of the model,
using the mesh shown in Fig. 4.4(a). As results, the map of stresses, the crack pattern and
the maximum crack width were analyzed.
Table 4.2 displays the properties of the materials used in the computations. As previously mentioned, standard values were assumed for the steel. Concrete was modeled
with the fracture parameters of batch T02, which were available when conducting these
simulations; the softening curve was approximated by a linear curve. For the oxide, no
definitive experimental results were available, so the values of the constitutive parameters
of the expansive joint element had to be assumed and were verified in subsequent studies.
The expansion factor β was taken to be 1.0, as found in the literature (Andrade et al., 1993;
Molina et al., 1993; Michel et al., 2011), although other studies consider a greater expansion of the oxide (Bhargava et al., 2006; Caré et al., 2008). For the normal stiffness, a wide
range of values was found in the literature: in Molina et al. (1993), the bulk modulus of the
oxide was taken to be of the same order of magnitude as the bulk modulus of water (around
2 GPa); in Caré et al. (2008) and Pease et al. (2012) the elastic modulus was estimated from
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Table 4.2: Mechanical properties of the materials in simulations with a bar, where E is the elastic modulus,
ν is Poisson’s ratio, ft is the tensile strength, GF1 is the fracture energy below the linear softening curve, w1
is the horizontal intercept with the abscissas axis, α0 is the adaption factor of the crack, β is the volumetric
expansion factor, x0 is the cut-off corrosion depth, kn0 and kt0 are the cut-off normal and shear stiffnesses and
ηt is the reduction factor of the normal tensile stiffness.

Steel
Concrete (T02)

Oxide

E (GPa)
200
34.5

ν
0.3
0.2

ft (MPa)
—
3.14

GF1 (N/mm)
—
0.0408

w1 (mm)
—
0.0261

β
1.0

x0 (mm)
1.0×10−3

kn0 (N/mm3 )
1.0×106

kt0 (N/mm3 )
1.0×10−14

ηt
1.0×10−11

α0
—
0.2

Table 4.3: Ranges of values in the parametric study for prisms with a bar, where kn0 and kt0 are the cut-off
normal and shear stiffnesses and ηt is the reduction factor of the normal tensile stiffness of the expansive joint
element.
Parameter
kn0 (N/mm3 )
kt0 (N/mm3 )
ηt

Values
1.0×103 , 1.0×104 , 1.0×105 , 1.0×106 , 1.0×107 , 1.0×108 , 1.0×109
1.0×10−100 , 1.0×10−14 , 1.0, 1.0×101 , 1.0×102 , 1.0×103 , 1.0×104 , 1.0×106
1.0×10−100 , 1.0×10−11 , 1.0×10−6 , 1.0×10−3 , 1.0×10−2 , 1.0×10−1 , 1.0

a combination of analytical models and experiments in which the radial displacement in
concrete was measured by image correlation techniques; the values obtained in these two
studies are, however, very different: an elastic modulus of 0.14 GPa is reported in Caré
et al. (2008) for an assumed Poisson’s ratio of the rust of 0.2, while the values of the elastic
modulus reported in Pease et al. (2012) range between 2 and 20 GPa, and no reference to
Poisson’s ratio was made by the authors. In the present study, a fluid-like behavior was
assumed, similar to that proposed by Molina, Alonso and Andrade in Molina et al. (1993),
with bulk modulus of rust of Kox = 2 GPa, and a vanishingly small shear modulus. The
initial values of the parameters of the expansive joint element were chosen accordingly as
follows: the numerical cut-off of the corrosion depth was chosen to be x0 = 1 µm, which
was small enough to maintain the accuracy of the computations while keeping them stable
(too small values of x0 correspond to very high values of kn0 , as depicted in Fig. 4.3(c),
which would lead to numerical instability); the cut-off value of the normal stiffness corresponding to that value of x0 and to Kox = 2 GPa is kn0 = 1.0 106 N/mm3 (for the
details, see Appendix D.1); to achieve debondability, the cut-off value of the shear stiffness
kt0 and the factor ηt reducing the tensile stiffness were chosen to be very small compared,
respectively, to kn0 and to 1.0 (see Appendix D.2 for the details).
Four meshes were used to check if the results are mesh insensitive, with refinements
of 4, 8, 16 and 32 interface elements per quarter of circumference (roughly equivalent to
element sizes of 4, 2, 1 and 0.5 mm, respectively); as mentioned in Sec. 4.3.1, the size of
the elements of concrete at the outer boundary was set equal to 5.0 times the length of the
elements at the steel-concrete interface. The mesh with 8 elements —shown in Fig. 4.4(a)—
presented the best compromise between accuracy and time of the computations; thus it was
used in the subsequent simulations of prisms with a bar.
Next, a parametric study was carried out to test the sensitivity of the results to large
variations of the constitutive parameters of the expansive joint element. The map of maximum principal stress and the curves of maximum crack width versus corrosion depth were
analyzed. For each parameter, simulations were run within the ranges of values indicated in
Table 4.3 while keeping the remaining parameters with the base values of Table 4.2.
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Table 4.4: Mechanical properties of the materials in base simulations with a tube, where E is the elastic
modulus, ν is Poisson’s ratio, ft is the tensile strength, GF1 is the fracture energy below the linear softening
curve, w1 is the horizontal intercept with the abscissas axis, α0 is the adaption factor of the crack, β is the
volumetric expansion factor, x0 is the cut-off corrosion depth, kn0 and kt0 are the cut-off normal and shear
stiffnesses and ηt is the reduction factor of the normal tensile stiffness.

Steel
Concrete (T03)

Oxide

E (GPa)
200
36.1

ν
0.3
0.2

ft (MPa)
—
2.78

GF1 (N/mm)
—
0.0597

w1 (mm)
—
0.0430

β
1.0

x0 (mm)
1.0×10−3

kn0 (N/mm3 )
1.0×106

kt0 (N/mm3 )
1.0×10−14

ηt
1.0×10−11

α0
—
0.2

Table 4.5: Ranges of values in the parametric study for prisms with a tube, where kn0 and kt0 are the cut-off
normal and shear stiffnesses, ηt is the reduction factor of the normal tensile stiffness of the expansive joint
element, β is the expansion factor of oxide and GF1 is the fracture energy below the linear softening curve of
concrete.

4.3.3

Parameter
kn0 (N/mm3 )
kt0 (N/mm3 )
ηt

Range of values
1.0×105 , 1.0×106 , 1.0×107
1.0×10−14 , 1.0×101 , 1.0×102 , 1.0×103 , 1.0×104
1.0×10−11 , 1.0×10−3 , 1.0×10−2 , 1.0×10−1

β
GF1 (N/m)

1.0, 1.25, 1.5, 1.75, 2.0
30, 60, 120

Simulations of prisms with a tube

Simulations were carried out on concrete prisms with a tube as reinforcement that reproduced the exact geometry of the specimens in the experiments, using the mesh depicted in
Fig. 4.4(b). As in the simulations with a bar, the map of stresses and the pattern of cracking
were analyzed, but, in addition to it, the displacement was recorded at the points of support
of the main CMOD extensometer, labeled as A and B, and at the inner boundary of the steel
tube, to simulate the experimental curves of main CMOD, variation of the inner diameter
and variation of the inner volume of the tube.
First of all, base simulations were carried out using the parameters shown in Table 4.4.
The concrete was modeled with the fracture parameters of batch T03, since the numerical
results were compared to those obtained in tests with specimens of that batch; the softening
curve was approximated by a linear curve. For the oxide, the values that were determined
in the previous parametric study for prisms with a bar were used.
To adjust the number of elements of steel, simulations were carried out using six meshes,
with 8 3, 16 3, 32 3, 16 1, 16 2 and 16 4 elements per quarter of circumference
and elements through the thickness of the tube. It was found that the mesh with 16 quadrilaterals per quarter of circumference and 3 elements at the thickness of the tube —shown
in Fig. 4.4(b)— kept the best compromise between accuracy and time of calculations (see
Appendix D.5 for the results). In all the cases, the size of the elements of concrete at the
boundary was set equal to 5 times that of the elements at the steel-concrete interface.
Then a parametric study was carried out as that in the prisms with the bar, to determine
the numerical stability of the computations for variations in the constitutive parameters of
the expansive joint element, within the ranges indicated in Table 4.5, and maintaining the
remaining parameters with the base values of Table 4.4, and the influence on the curves of
main CMOD, variation of inner diameter and capillary height was also investigated.
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Table 4.6: Ranges of values to determine the optimum parameters of the expansive joint element, where β is
the expansion factor of oxide and kt0 is the cut-off normal and shear stiffnesses of the expansive joint element.
Parameter
β
kt0 (N/mm3 )

Range of values
1.8, 1.9, 2.0
5×102 , 1.0×103 , 1.5×103

Table 4.7: Mechanical properties of the materials in simulations of the tests for all the batches of concrete, for
prisms with a tube, where E is the elastic modulus, ν is Poisson’s ratio, ft is the tensile strength, GF is the
fracture energy, w1 is the horizontal intercept with the abscissas axis, σk is the stress at the break point, α0 is
the adaption factor of the crack, β is the volumetric expansion factor, x0 is the cut-off corrosion depth, kn0 and
kt0 are the cut-off normal and shear stiffnesses and ηt is the reduction factor of the normal tensile stiffness.
E (GPa)
200

ν
0.3

ft (MPa)
—

GF (N/mm)
—

w1 (mm)
—

σk (MPa)
—

α0
—

Concrete
T03
T05
T06
T07

36.1
32.1
34.1
34.2

0.2
0.2
0.2
0.2

2.78
2.88
3.15
3.33

0.107
0.102
0.107
0.110

0.0430
0.0311
0.0281
0.0206

0.322
0.338
0.337
0.521

0.2
0.2
0.2
0.2

Oxide

β
2.0

x0 (mm)
1.0×10−3

kn0 (N/mm3 )
1.0×106

kt0 (N/mm3 )
1.0×103

ηt
1.0×10−11

Steel

Next, the parameters of the expansive joint element were modified to fit the numerical
results to the experimental ones, until obtaining the optimum values, within the ranges
indicated in Table 4.6, and maintaining the remaining parameters as in Table 4.4. First,
the value of the expansion factor β was modified, using linear softening for concrete, and,
second, the shear stiffness was modified, using a bilinear softening —the parameters of the
bilinear curve of T03 are indicated in Table 4.7.
Finally, simulations of the tests were carried out for each batch of concrete, using the
optimized parameters of the expansive joint element. In those simulations, the softening
curve of concrete was approximated by the bilinear curve of each batch. The parameters for
the steel, the oxide and each batch of concrete are indicated in Table 4.7.

4.4
4.4.1

Results and discussion
Preliminary results for prisms with a bar

We describe here the results of the simulations carried out for prisms with a bar to assess
the ability of the model to reproduce real cracking, as explained in Sec. 4.3.2.
Figure 4.5 shows the distribution of maximum principal stress, cracks and crack widths
at various loading steps, illustrating the evolution of the process up to a final corrosion
depth of 20 µm, corresponding to a radial expansion of 20 µm. The results correspond to a
mesh in which 8 cohesive elements were inserted per quarter of circumference (equivalent
to an element length of about 2 mm). The stress scale is in MPa with positive values corresponding to tension (white) and negative values to compression (black); only the tensile
stresses up to the tensile strength of concrete are drawn; the scale for the crack width is in
millimeters.
When the expansion begins, the tensile stress increases in the concrete elements, until
the tensile strength is reached and, then the first cracks appear. At very early stages of
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0.0522
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0
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Figure 4.5: Crack pattern and map of maximum principal stress obtained in numerical simulations of prisms
with a bar at corrosion depths of 3, 7, 9 and 20 µm, with w being the crack opening width in millimeters and
σI the maximum principal stress.

corrosion, a cloud of finely spaced radial cracks of similar extent appears around the steel
bar, but soon, for 3 µm of radial expansion, one of the cracks jumps to the concrete surface
(see the image corresponding to x = 3 µm in Fig. 4.5). Although, according to the legend,
the crack width appears to be zero, this actually means that the embedded cracks are still
free to reorient because their width is less than the threshold value for consolidation wth ,
which is equal to 2.6 µm according to the parameters in Table 4.2.
After a few more steps (x = 7 µm), the main crack is consolidated (i.e., further rotation
of the embedded crack is prevented), its maximum opening has increased up to 37.6 µm,
the elements surrounding it have unloaded, and the nearest cracks are partially closed; on
the other side of the steel bar, the zone of high tensile stresses (white area) has expanded as
well as the cloud of radial cracks, although none has localized yet.
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As the expansion increases further (x = 9 µm), some of the radial cracks begin closing and the localization of the upper central, vertical crack becomes apparent. Localization
continues until, for the last corrosion step (x = 20 µm), the cloud of radial cracks has disappeared and five long secondary cracks become clearly defined. At this step, the opening
of the main crack at its root (close to the steel) is approximately equal to the diametral
expansion of the oxide, i.e., about 40 µm, and its maximum opening is 104 µm.
The analysis of the effect of the mesh size reported in Appendix D.3 shows that the
numerical method is able to follow crack localization, and is not mesh-sensitive as long
as global (in the sense of integral or mean) values are concerned, especially for maximum
main crack opening. However, the exact position and path of the cracks do depend on the
mesh. The reason is that the mesh introduces a spurious, but unavoidable, heterogeneity in
an otherwise homogeneous continuum, and this heterogeneity controls, in some yet hidden
way, the details of the results. The results show that the numerical method predicts a main
crack and 3 to 5 secondary cracks depending on the mesh: 3 for the coarsest mesh, 4 for
the two finer meshes and 5 for the mesh used in most of the verifications. In view of the
important simplifications considered in the modeling, the numerical predictions seem to be
consistent with the experimental findings for specimens with a corrosion depth higher than
20 µm (see Sec. 3.3).

4.4.2

Parametric study for prisms with a bar

Computations were carried out for various values of the constitutive parameters of oxide, to study the numerical stability of the results, for the ranges indicated in Table 4.3. The
curves of maximum crack width and maximum principal stresses versus corrosion depth
were analyzed; to complement the information, the number of iterations at each step was
recorded. The details of this study are included in Appendix D.4.
It was observed that the results were insensitive to changes in the normal compressive
stiffness of oxide kn0 for values ranging from 1.0 106 to 1.0 109 N/mm3 ; since the number
of iterations increased with that parameter, kn0 = 1.0 106 N/mm3 was maintained for the
simulations with a tube. Regarding the shear stiffness, a proper localization of cracks was
achieved for values of kt0 1.0 103 N/mm3 , while for values higher than this, the effect of
stress concentration explained in Appendix D.2 manifested. For the directionality factor that
reduces the normal tensile stiffness, localization of cracks was achieved for ηt 1.0 10 2 .
From this preliminary study, it was concluded that the base parameters in Table 4.2 that
were assumed for the expansive joint element were adequate to achieve crack localization
of cracks on prisms with a bar. Besides, it provided approximate ranges of values for the
parameters that facilitated the parametric study in prisms with a tube.

4.4.3

Base simulations for prisms with a tube

Simulations of accelerated corrosion tests were carried out on concrete prisms with a
tube, as explained in Sec. 4.3.3. As a starting point, the parameters of oxide were the values
that were obtained in the previous section for prisms with a bar, which are indicated in Table 4.4. During the simulations, the displacement was recorded at the nodes corresponding
to the experimental main CMOD and at all the nodes at the inner boundary of the tube.
To process the results, a routine in C++ was programmed that automatically computed
the next operations:
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• First, the routine computed the relative displacement between the nodes marked as A
and B in Fig. 4.4(b), which simulated the curves of main CMOD in the experiments.
• Then it identified the couples of inner nodes that defined a diameter and computed
their relative displacement and the deformed length of each diameter at each step; the
relative displacement between the nodes marked as C and D in Fig. 4.4(b) simulated
the variation of inner diameter measured in the experiments.
• Next, it computed the area of the triangles defined by two consecutive nodes and the
center of the tube using Heron’s formula, calculated the total inner cross-sectional
area of the tube and computed the variation of inner area at each step; finally, it
computed the variation of inner volume corresponding to the part of corroding tube
—i.e. with a length of 80 mm— and, from that, the corresponding variation of height
in the capillary.
The evolution of the pattern of cracking and the map of maximum principal stress during
the simulations is illustrated in Figure 4.6, with the crack width in mm and the stresses in
MPa, with black color for compression and white for tension. As in the simulations with a
bar, a cloud of radial cracks developed around the steel at early stages of corrosion and a
main crack developed through the cover for a corrosion depth of 5 µm that was consolidated
at 7 µm. For a corrosion depth equal to 10 µm, some of the radial cracks started closing;
for a depth of 12 µm two cracks prevailed among the others, until for the final corrosion
depth (20 µm) the radial cracks totally disappeared and only the main crack and a crack
diametrically opposite to it remained, which differs from the experimental observations and
from the results obtained in simulations with a bar.
The numerical curves of main CMOD, variation of inner diameter and variation of
height in the capillary versus corrosion depth are drawn in Fig. 4.7. To compare them
to the experimental results, the mean and the envelope of the curves obtained in specimens
from batch T03 were calculated and are drawn in light blue. From the results, it was assessed that the model captured the main trends observed in the tests: the main CMOD had
a slow growth at first but then increased; the inner diameter decreased at first, but it quickly
recovered and grew; finally, the variation of height in the capillary showed a marked peak
and then a descent. As in the experiments, the break in the curve of main CMOD and the
peak in the variation of capillary height occurred at the same corrosion depth, i.e., at a given
critical corrosion depth. However, there were important differences with the experimental
results: the critical corrosion depth was higher than that in the experiments, the curve of
main CMOD was shifted to the right and the descent in the capillary was excessive.
Thus, the results in simulations with a tube manifested the need of modifying the parameters of the oxide with respect to those in Table 4.4. It should be noticed that simulations
with a bar had lead to proper results using the same parameters, but, since the tube is more
flexible and could experiment bending, the simulations of prisms with a tube seemed to be
more affected by the parameters of oxide. Hence, a parametric study was carried out as
explained in the next section.

4.4.4

Parametric study for prisms with a tube and fitting to the experimental
results

To determine the optimum values for the constitutive parameters of oxide, a numerical
study was carried out for prisms with a tube, as explained next.
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Figure 4.6: Crack pattern and map of maximum principal stress in the concrete obtained in base simulations of
prisms with a tube, using the parameters of Table 4.4, at corrosion depths of 5, 10, 12 and 20 µm, with w being
the crack opening width in millimeters and σI the maximum principal stress.

Parametric study. First, the numerical stability was investigated for variations indicated
in Table 4.5 of the normal stiffness kn0 , the shear stiffness kt0 and the factor ηt that reduces
the tensile stiffness. The curves of maximum principal stress, maximum crack width and
number of iterations versus corrosion depth were analyzed as in Sec. 4.4.2 with prisms
with a bar. It was found that the results were stable for kn0
1.0 106 N/mm3 , as in the
simulations with a bar, and for kt0 1.0 102 N/mm3 and ηt 1.0 10−3 (see Appendix D.6
for the details of the results), which indicates a higher sensibility to the parameters of oxide
in prisms with a tube than in prisms with a bar.
Then the response in the curves of main CMOD, variation of inner diameter and variation of height in the capillary versus corrosion depth was investigated for variations in all
the parameters of the expansive joint element, i.e., the normal stiffness kn0 , the shear stiff96
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Base simulations with a tube

Figure 4.7: Curves of main CMOD, variation of inner diameter and variation of height in the capillary versus
corrosion depth, obtained in base simulations of prisms with a tube, with the parameters indicated in Table 4.4,
and experimental envelope and average of specimens from batch T03.
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ness kt0 , the factor ηt reducing the tensile stiffness and the expansion factor β of oxide. The
influence of the fracture energy of concrete was also investigated, but its effect is discussed
in Sec. 4.4.7.
It was seen that variations in the normal stiffness for kn0
1.0 106 N/mm3 did not
produce relevant changes in the results, while the expansion factor, the shear stiffness and
the directionality factor had a strong effect. From those, Fig. 4.8 shows the results for
the expansion factor (a) and the shear stiffness (b), which are the most illustrative (see
Appendix D.7 for the complete results).
The expansion factor —Fig. 4.8(a)— scaled the curves with the corrosion depth, as expected, since the volumetric expansion at each step is equal to βx, and, thus, it governs
the critical corrosion depth: the higher the expansion factor, the smaller the critical corrosion depth; but it did not influence appreciably the computed values for a given volumetric
expansion.
On the contrary, the shear stiffness —Fig. 4.8(b)— did not affect the critical corrosion
depth, but it governed the behavior after it, i.e., once the cracking started: the higher the
shear stiffness, the less the crack opening, because the relative movement of the nodes of the
oxide elements was smaller. However, the effect of the shear stiffness was more noticeable
in the variation of capillary height.
The reduction factor ηt had similar effects than those reported for the shear stiffness,
although its effect was less pronounced, since it only affects the projection of the traction
vector of neighbor elements (see Appendix D.2).
Determination of the optimum values of oxide. From the foregoing analysis, the optimum parameters of oxide were determined as explained next (see Apendix D.8 for the
complete results):
• First, the expansion factor was modified to fit the numerical critical corrosion depth
to that in the experiments (2.76 µm). The best value was found to be β = 2.0. It
corresponds to an expansion of 3.0 referred to the initial volume of steel, i.e., the
ratio of the specific volumes of oxide and steel was 3.0.
• The normal compressive stiffness was maintained as initially (kn0 = 1.0 106 N/mm3 )
since it was within the range of numerical stability and minimized the number of
iterations in the computations.
• The reduction factor of the tensile stiffness was maintained as initially, i.e., ηt =
1.0 10 11 . It corresponds to a normal tensile stiffness of virtually zero, which is
coherent with the hypothesis of a fluid-like behavior.
• For the shear stiffness, it was observed that a strongly reduced value led to a single
crack that separated the section into two halves, thus, it was increased although still
kept much smaller than the normal stiffness. Since it affected the post-peak behavior
in the curves of results, it was modified to fit the tail of the curves; as the tail corresponded to crack widths higher than w1 , a bilinear softening curve was used in this
last step. The best value was found to be kt0 = 1000 N/mm3 .
It should be noticed that the stiffnesses corresponded to the expansive joint element, not
to the oxide itself, but they were related to the properties of oxide by Equation (D.14) in
Appendix D.1 and, so, they were equivalent to a bulk modulus of oxide Kox = 3.0 GPa in
compression, a tensile modulus of virtually zero and a shear modulus Gox = 3.0 MPa, i.e.,
1000 times smaller than Kox , for a expansion factor β = 2.0.
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(b) Shear stiffness kt0

(a) Expansion factor β

Figure 4.8: Example of the influence of the parameters of the expansive joint element on the curves of main
CMOD, variation of inner diameter and variation of capillary height, for prisms with a tube; in particular, the
expansion factor β and the shear stiffness kt0 .
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Figure 4.9: Crack pattern and map of maximum principal stress in the concrete in definitive simulations on
accelerated corrosion tests for batch T03, using the parameters of Table 4.7, at corrosion detphs of 2.5, 7.5, 9.5
and 20 µm, with w being the crack opening width in millimeters and σI the maximum principal stress.
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Definitive simulations of accelerated corrosion tests

Simulations of accelerated corrosion tests were carried out for batch T03, using the
definitive parameters of oxide and bilinear softening for concrete. Table 4.7 shows the
parameters of all the materials. The difference with respect to the simulations in Sec. 4.4.3
is that the expansion factor was doubled and the shear stiffness was much higher than in
those simulations, although still much smaller than the normal compressive stiffness.
Figure 4.9 shows the evolution of the pattern of cracking and the map of maximum
principal stress, with the crack width in mm and the stresses in MPa. As in the simulations
with a bar and the first simulations with the tube, as corrosion started, a cloud of finely
spaced radial cracks with similar extent developed surrounding the steel, until one of the
cracks jumped to the concrete surface, for a corrosion depth of 2.5 µm. From that moment
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Figure 4.10: Comparison of the pattern of cracking obtained in numerical simulations and in slices of specimens subjected to accelerated corrosion of batch T03.

on, the cloud of cracks continued growing and the main crack opened; from 4.5 µm of
corrosion depth, the main crack was fully consolidated, i.e., the threshold width wth was
reached and reorientation of such a crack was prevented. Some radial cracks started closing
and some secondary cracks prevailed, as shown for a depth of 7.5 µm, and from a depth
of 9.5 µm some secondary cracks also closed. At the final corrosion depth, the main crack
and a crack diametrically opposite to that prevailed, but also other secondary cracks and
some radial cracks, which is in agreement with the experimental observations in slices of
specimens subjected to accelerated corrosion with such a corrosion depth (see Sec. 3.3).
Fig. 4.10 shows two images of the numerical and the experimental pattern of cracking (it
corresponds to one of the corroded slices of T03, T0314, with a corrosion depth of 38 µm,
which was taken from Fig. C.9 in Appendix. C.4.1). Although the number of secondary
cracks in prisms with a tube was less than that in prisms with a bar, it still resembled the
experimental pattern of cracking.
It should be noticed that in the first simulations with the tube (see Fig. 4.6), only the
main crack and one crack diametrically opposite to it were obtained, which was due to the
shear stiffness being too small (it was virtually zero). Although the shear stiffness must
be much smaller than the normal compressive stiffness to achieve proper localization of
cracks and to prevent concentration of stresses at the elements of steel next to the oxide, as
demonstrated in Appendix D.2, an excessive reduction lets the concrete to open once a crack
appears and, thus, only such a crack develops. For kt = 1000 N/mm3 , the shear stiffness
was small enough to prevent clamping of cracks while transmitting enough bond between
the steel and the concrete for other cracks to develop (see Appendix D.8 for examples of
patterns of cracking obtained for various values of the shear stiffness).
Fig. 4.11 shows the curves of main CMOD, variation of inner diameter and variation
of height in the capillary in the simulations and the experimental envelopes and average of
batch T03. The main CMOD in the simulations properly reproduces that in the experiments,
specially for main crack openings up to about 100 µm. However, for larger crack openings
the numerical response is nearly linear, while the experimental curve is clearly parabolic.
This may be due to a time-dependent effect coming from diffusion of the oxide through
the capillary network of the concrete, as already pointed out by Molina et al. (1993), which
would progressively decrease the effective expansion factor β. A further possibility, is the
migration of part of the oxide through the newly formed crack itself, as demonstrated in
101

Chapter 4. Numerical modeling and fitting to the experimental results

Batch T03

Figure 4.11: Curves of main CMOD, variation of inner diameter and variation of height in the capillary versus
corrosion depth, obtained in definitive simulations of accelerated corrosion tests for batch T03, for prisms with
a tube, using the parameters indicated in Table 4.7, and comparison to the experimental envelope and average.
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Secs. 3.3 and 3.4. The position of the break point which marks the localization of the main
crack through the cover is situated at the right x-position, but the kink is less abrupt than in
the experiments.
Regarding the variation of capillary height, the model reproduces the initial slope in the
curves and the x-position of the peak (it equals the experimental critical corrosion depth);
and the post peak tail lies within the experimental band. However, the peak overshoots
the experimental one by about 10% and is much wider in the numerical curve, which is in
correspondence with the previous observation that the kink in the main crack opening curve
is less abrupt in the numerical results than in the experiments; the curve of capillary height
is just much more sensitive to this phenomenon, which calls for further improvements in
the numerical simulations. The error in the peak might be explained by the strength and the
fracture energy of concrete in the computations being larger than in the specimens, since
the numerical response has been computed based on the results of independent mechanical
tests, and there are obvious differences between those tests and the accelerated corrosion
tests, chiefly the crack opening rate, which is much faster in the characterization tests (see
Bazant and Gettu, 1992 and Bazant and Planas, 1998 for an explanation of the effect of the
CMOD rate on the fracture parameters of concrete); in independent calculations, it has been
assessed that a reduction in the tensile strength and in the fracture energy of concrete less
than 10% brings the peak down and narrows the peak width in the curves of capillary height
(see Appendix D.9); however, no attempt has been made in this work to `correct’ the data
and to take into account the differences between both kinds of tests.
The variation of inner diameter was the variable showing the worst agreement, and also
the higher experimental scatter. The numerical curve displays an initial descent down to
about 5 µm and then a continuous rise, but, overall, the numerical curve lies rather far from
the experimental one in most of its range. In fact only one specimen, out of four, shows an
initial descent of the inner diameter. To explain this result, a discussion about the ovalization
of the tubes is included next.

4.4.6

Discussion about the ovalization of the tube

Elastic analysis of the ovalization of the tube. To decouple the volumetric change from
the ovalization of the tube, a simple elastic model is used as follows. Consider a thin-walled
tube or ring subjected to horizontal and vertical external compressive stresses p1 and p2
as shown in Fig. 4.12(a), with horizontal and vertical defined by Fig. 4.4. It is immediate
to see that, if we decompose the loading into hydrostatic part I and deviatoric part II as
shown, then the hydrostatic state implies change of volume without ovalization, while the
deviatoric state produces ovalization without any change in volume. Thus we can consider
the hydrostatic pressure p as the driving force for the capillary height increase, and the
deviatoric pressure q as the driving force for the ovalization. With the help of the results
in table 9.2 of Young and Budynas (2002), we can compute p as being proportional to the
capillary height increase, and then compute q from the measured change of diameter. The
corresponding equations read
p=

2 t
EDcap

Di2 D(1


∆H
t ∆D1
, q = η 2E
+ (1
α) L
D Di


α)p

(4.8)

where E is the elastic modulus of steel, Dcap the inner diameter of the capillary, t, Di , D
and L the thickness, inner diameter, mean diameter and effective length of the steel tube,
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Figure 4.12: Sketch of the decomposition of a non-hydrostatic loading into hydrostatic and deviatoric parts (a)
and plots of hydrostatic and deviatoric components of the nominal pressure for the experimental results and the
numerical results, for simulations of prisms with a tube of batch T03 (b). Note the difference in the scales.

respectively, ∆D1 the variation of inner diameter measured in the experiments, and the
constants α and η are given by,
α=

t2
6α
, η=
1 − α + 8αF (1 + ν)
3D

(4.9)

and F = 5/6 for a tube, and ν is the steel Poisson’s ratio (Young and Budynas, 2002). For
the values of the parameters in this work (i.e., E = 200 GPa, and ν = 0.3) we finally get
p = 0.1049∆H , q = 6.399∆D1 + .005496p

(4.10)

with p and q in MPa and ∆H and ∆D1 in mm. Thus, the curves in Fig. 4.11 can be replotted as curves of nominal hydrostatic and deviatoric pressures as shown in Fig. 4.12(b). The
curves corresponding to the nominal hydrostatic pressure are identical to those in Fig. 4.11
except for a change in the vertical scale. The curves corresponding to the purely deviatoric part are easier to interpret than the direct plots of the variation of inner diameter. We
observe, first of all, that the numerical response displays a very small deviatoric pressure
up to corrosion depths of about 5 µm, while the mean measured deviatoric pressure monotonically increases from the beginning. This seems to indicate that the numerical model is
excessively symmetric, which may be due either to a slight mechanical anisotropy of the
concrete, or to an excessive simplification when assuming that the corrosion depth is uniform, or both. The second observation, however, is that the mean deviatoric pressure is
always a small fraction (less than 7%) of the mean hydrostatic pressure, and thus, minor
modifications of the material model or the corrosion depth distribution would be enough to
fit the experimental results, for which further work is in progress.
Influence of the position of the diameter on the variation of inner diameter. To ascertain the influence of the position of the diameter, the variation of inner diameter was
computed for each diameter. Fig. 4.13(a) shows the curves of variation of inner diameter
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Figure 4.13: Influence of the angular position of the diameters on the curves of variation of inner diameter,
for simulations of prisms with a tube for batch T03: numerical curves of variation of inner diameter versus
corrosion depth for all the diameters of the tube (a), diameters with the maximum and minimum variation,
drawn over a zoom of the map of cracking (b), curves of variation of inner diameter versus the angular position
of the diameter for a given corrosion depth to illustrate the deformation of the tube at advance stages of corrosion
(c) and at early stages of corrosion (d).

versus corrosion depth for each diameter, identifying them by the angle α with a line parallel to the nearest side of concrete. As expected, the variation of inner diameter depended
on the position of the diameter. During the first microns of corrosion depth, the variation
was almost uniform and all the diameters shortened, but after the critical corrosion depth xc
the trend of the diameters changed and some diameters continued shortening while others
recovered their initial length and even expanded. At the final corrosion depth (x = 20 µm),
the maximum positive variation occurred in the diameter with α = 169º, while the maximum negative variation was achieved in a diameter perpendicular to that, with α = 79º.
In Fig. 4.13(b), those diameters are plotted over a magnified view of the map of cracks
at 20 µm of corrosion depth, taken from Fig. 4.9, finding that the diameter with the maximum negative variation was tangent to the main crack at its root and the diameter with the
maximum positive one was perpendicular to the main crack.
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Fig. 4.13(c) displays the variation of diameter versus its angular position α for all the
diameters. For advances stages of corrosion (x > xc ), the shape of the tube was ellipsoidal.
To analyze the deformation in the tube for early stages of corrosion, the curves of variation of inner diameter were plotted every 0.5 µm of corrosion depth up to x = 6 µm in
Fig. 4.13(d). There was a shortening in all the diameters up to the critical corrosion depth,
as seen by the solid lines, but after that, the trend of the shape of the tube started changing.
The diameters with α 80º elongated for x = 3.0 µm and x = 3.5 µm, but then continued
decreasing again, while the other diameters shortened until x = 3.0 µm and from that moment on, their length increased. For x = 5.0 µm, the shape in the tube was an ellipse with
its greater axis perpendicular to the main crack, as that at the final corrosion depth in the
simulations, and from that, radial cracks started closing.
The foregoing analysis may explain the high variability observed in the curves of inner
diameter in the experiments, since the deformation of the tube highly depend on the position of the main crack, and the variation of diameter was always measured at the diameter
parallel to the concrete surface (points C and D in Fig. 4.4).

4.4.7

Simulations for all the batches and influence of the fracture properties
of concrete

Simulations of accelerated corrosion tests were carried out for the other three batches of
concrete (T05 to T07), using the parameters of oxide that were optimized for batch T03 (see
Table 4.7), to assess their validity and to analyze the influence of the fracture parameters of
concrete.
Figures 4.14(a), 4.14(b) and 4.15 shows the results for each batch. The main CMOD,
the maximum variation of inner diameter and the variation of height in the capillary versus
corrosion depth were plotted and were compared to the experimental envelope and average
in each case for the series of tests corroded with 400 µA/cm2 . In all the cases, the simulations reproduced adequately the experimental results, except for the main CMOD in T07,
which was sensibly smaller than the experimental one. Some of the deviations reported in
T03 also manifested here, consisting mainly of an overestimation of the maximum variation
of height capillary and high errors in the curves of variation of diameter.
From the foregoing results, it was concluded that the parameters of oxide that were optimized to fit the experimental results of batch T03 properly reproduced the experiments with
specimens from batches T05 to T07, with the limitations inherent to a strongly simplified
model.
It should be noticed that the results of the simulations for T05 and T06 were almost
identical (see the two solid lines), since those batches had almost the same brittleness length
l1 (173 and 152 mm), which is calculated for the linear softening curve of concrete as:
l1 =

EGF1
ft2

(4.11)

while the results of T07 (dotted line) slightly differed from them, whose brittleness length
was much smaller (106 mm) (see Appendix D.7 for a study of the influence of the fracture
energy on the curves of results).
As a final remark, it should be noticed that at this stage of the research, the model can
not reproduce the influence of the density of current that was observed in Sec. 3.2.3, since
in the model the time is only implicitly considered through the corrosion depth. Hence,
further research is necessary.
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(a) T05

(b) T06

Figure 4.14: Curves of main CMOD, variation of inner diameter and variation of height in the capillary versus
corrosion depth, obtained in simulations of accelerated corrosion tests of batches T05 (a) and T06 (b) and
comparison to the experimental envelope and average.
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T07

Figure 4.15: Curves of main CMOD, variation of inner diameter and variation of height in the capillary versus
corrosion depth, obtained in simulations of accelerated corrosion tests of batch T07 and comparison to the
experimental envelope and average.
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Conclusions and future work
5.1

Conclusions

In this work, cracking of concrete due to corrosion of the reinforcement has been investigated in accelerated corrosion tests and in numerical simulations. The specimens had a
tube as reinforcement, instead of a bar, which provided additional mechanical information
during the tests that resulted to be crucial. From the joint analysis of the experimental and
numerical results, essential aspects about the process of cracking and the oxide behavior
were disclosed. Complementarily, the pattern of cracking, the bond of the tubes and the
map of oxide within the cracks were determined. The main conclusions of this work are
listed in the next paragraphs.

Accelerated corrosion tests
• Accelerated corrosion tests were carried out in concrete prisms with a precision
smooth tube as reinforcement that were equipped with instruments specially designed
to measure the deformation of the tubes.
• The specimens were fabricated with concrete containing chlorides, to produce depassivation of steel, and were designed so as to obtain a single main crack through the
cover.
• During the tests, the specimens were immersed in salt water. Special precautions
were taken in insulating the basis of the prisms, to force plane current field during the
tests, resulting in plane strain field and nearly uniform corrosion along the length of
the tube.
• The tubes were artificially corroded using the impressed current technique. Three
densities of current were applied: 400, 100 and 25 µA/cm2 up to theoretical corrosion
depths equal to 38, 25 and 13 µm, respectively, which were calculated according to
Faraday’s law, assuming 100% of efficiency of the current. Additionally, specimens
with 400 µA/cm2 were corroded up to depths equal to 25 and 13 µm. The current was
applied with electrical sources fabricated within this work that imposed an adjustable
current up to 20 mA, in ranges of 0–20 mA and 0–2 mA, that was stable within
0.07 mA in the range of 0–20 mA, and within 0.0006 mA in the range of 0–2 mA,
when the resistance of the load circuit is reduced one order of magnitude.
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• A longitudinal extensometer was adapted with extensions to measure the main CMOD
at the middle section of the prisms; a continuous measurement was provided from the
beginning of the test. The width grew very slowly during the first microns of corrosion depth, but after a critical corrosion depth, the crack fully developed and opened
faster. However, as the width increased, the slope in the curves gradually descended,
probably due to the oxide diffusing through the crack, as suggested by other authors
Molina et al. (1993).
• An extensometer was designed to measure the variation of inner diameter of the tubes.
During the tests, the variation was measured at the diameter that was perpendicular to
the main crack. A continuous increment of diameter was recorded, except for a slight
decrease at the beginning of the test.
• To measure the overall variation of the inner volume of the tube, rather than the variation of a given diameter, a circuit with a glass capillary tube was designed, and the
variations of liquid height in the capillary were read. During the tests, an increment in
height occurred during the first microns of corrosion depth, reaching a peak in height
at the critical corrosion depth, then the level of liquid had a sharp descent and finally a
moderate descent, although it did not recover the initial height, i.e., there was a quick
diminution of the inner volume of the tubes until the main crack developed and then
it partially recovered, although there was a permanent reduction of the inner volume
in the test range.
• The variation of inner diameter and inner volume of the tube presented different
trends, which indicates that the deformation of the tube was not uniform.
• The density of current had a clear effect on the results. The critical corrosion depth
was higher with lower densities of current and the peaks of variation of capillary
height were smaller, probably due to the initial diffusion of oxide through the pores
being higher.
• The loss of weight of the reinforcement during curing was determined by gravimetric
measurements in the steel tubes of specimens non subjected to accelerated corrosion.
It was found to be of the same order of the experimental accuracy, and thus, negligible.
• After accelerated corrosion, the gravimetric loss of the tubes per unit length was measured and the corrosion depth was estimated according to Faraday’s law. In most of
the cases, the corrosion depth determined by gravimetry was higher than the theoretical one, which might be explained by an acidification of the media and by the spalling
of parts of metal that were not corroded during the measurement, as reported by other
authors (Alonso et al., 1998).
• The fracture properties of the fabricated concrete were experimentally determined in
compression tests, diagonal compression tests and three-point bending tests. Then a
bilinear approximation of the softening curve of concrete was computed following
the procedure described in (Planas et al., 2007). Those properties were used as input
in the numerical simulations.
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Pattern of cracking
• After the tests, the pattern of cracking was studied in slices of corroded specimens.
Normally, two non-adjacent slices were inspected, thus, providing the pattern in four
different cross-sections.
• To enhance visibility of the cracks, the slices were impregnated under vacuum with
resin containing fluorescein and were inspected under UV light. With that treatment,
some cracks that were only visible under magnifying devices became visible to the
naked eye.
• The process of impregnation does not produce noticeable cracks on the specimens, as
tested on slices cut from specimens not subjected to accelerated corrosion. However,
it may affect the width and length of preexisting cracks.
• For the geometry under study and specimens corroded with 400 µA/cm2 and 38 µm
of corrosion depth, the resulting pattern consists of a single, wide open main crack
that reached the concrete surface and between 3 and 7 secondary cracks. The mean
number of cracks per cross-section (including the main crack) was 6.4 with a standard
deviation of 1.2 cracks. It should be noticed that this number refers to the number of
cracks seen with the naked eye, but other cracks may be detected if using magnifying
devices.
• The number of cracks decreased with the corrosion depth. However, no significant
influence of the density of current was observed on the number of cracks.
• The density of current affected the distribution of cracks around the reinforcement:
the less the density of current, the more irregular the distribution; however, further
research is necessary to confirm this issue.
• Although the subjective visual impression is that the crack patterns are similar for
specimens corroded with the same density of current and corrosion depth, the actual
position of the cracks is highly scattered and no quantitative correlation can be easily
established between the position of the cracks in the whole set of experiments. The
scatter is thought to be due to the heterogeneity of concrete.
• To quantify such an effect, the angular position of each visible crack was measured
at its root in all the cross-sections. It was found that the angular position varied from
section to section with a maximum standard deviation of 12º for specimens with the
same corrosion. It is equivalent to 2.1 mm along the circumference of the steel tube,
which is well below the maximum aggregate size of concrete.
• An interesting observation is that the main crack, which is easily seen with the naked
eye before impregnation, did not seem to have taken so much resin inside during
impregnation, probably because it is full with black iron oxide, and the same effect
was observed at the root of the secondary cracks. The presence of oxide in the main
crack was directly verified in a number of slices that were split along the main crack.
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EDX analysis
• To assess the presence of oxide within the cracks, impregnated slices were analyzed
using energy-dispersive X-ray spectroscopy. Three cross-sections per variant of accelerated corrosion tests were inspected.
• Iron was detected in the main crack in all the slices, in the root of some secondary
cracks and in some micro-cracks. Some pores were found at the steel-concrete interface that were full of oxide or with a layer of oxide at their inner surface.
• Presence of iron always coincided with non-brighting zones of the cracks of the slices
illuminated under UV light, thus confirming again the hypothesis made during the
inspection of the impregnated slices.
• Independently of the corrosion depth and the density of current during accelerated
corrosion, the main crack was always partially full of oxide. However, the less the
corrosion depth, the less number of cracks that contained Fe, although a further quantitative study should be carried out in the future.

Push-out tests
• The bond between the steel and concrete was measured in push-out tests in slices of
the corroded specimens. One slice per specimen was tested.
• A special device was designed to push the tube in the slice, with ideal boundary
conditions, so the shear of the oxide layer is the dominant effect. The tests were run
under displacement control.
• The displacement of the tube with respect to the concrete was measured with a differential transformer transducer, using a device that minimized the influence of the
elastic deformation of the supports.
• The load applied during the test was measured by standard means and from that the
stress was calculated assuming uniform stress along the steel-concrete interface and
taking into account the actual length of tube in contact with the concrete.
• The maximum stress ranged between 2.0 and 4.8 MPa and occurred for a displacement of the tube ranging from 37 to 75 µm. After the peak, there was a drop in the
curves of stress versus displacement of the tube, followed by a steady descent.
• No clear influence of the corrosion current or of the corrosion depth was observed on
the maximum stress. However, the drop after the peak was markedly abrupt in the
specimens corroded with 25 µA/cm2 , and the residual stress at the end of the test was
higher for specimens with less corrosion depth.
• It was observed that the main crack increased its width during push-out. To quantify
it, its opening was recorded in some of the tests, using a commercial longitudinal
extensometer, finding that the opening continuously grew during the test.
• The curves of stress versus crack opening were drawn and it was found that the curves
of specimens that were corroded with the same density of current but different corrosion depth almost overlapped. Thus, the opening of the main crack may explain
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the differences in the residual stress after the peaks. Unfortunately, the width was
recorded in very few specimens, so further research is necessary.
• Unloads were carried out in some slices, revealing a highly inelastic displacement of
the tubes. When reloading, the stress almost recovered its initial value, presenting a
large non-linearity in the curve of stress versus displacement.

Numerical simulations
• A model was programmed that combines finite elements with an embedded adaptable
cohesive crack to reproduce cracking of concrete and expansive joint elements for the
expansion of oxide.
• Simulations of the tests on 2D FE models of the specimens were expected to be
accurate, since plane current and strain fields were expected during the tests. The
calculations were driven by the corrosion depth.
• Since no experimental information was available regarding the properties of oxide,
initially a fluid-like behavior was assumed and nearly free sliding and separation were
implemented, which were achieved by a strong reduction of the shear stiffness and
of the tensile stiffness. For the concrete, the fracture parameters were determined in
experiments.
• The ability of the numerical model to reproduce real cracking was firstly assessed
in simulations on 2D FE models of the section of the prisms but with a bar as reinforcement. The expansive joint element endowed with the debondability property in
combination with elements with embedded crack led to crack localization in a manner similar to that found experimentally, with 3 to 5 secondary cracks, depending on
the mesh.
• The numerical method was proved to be free of spurious mesh sensitivity as long
as global (in the sense of integral or averaged) variables are concerned, notably the
main crack mouth opening. However, the details of the crack pattern do depend on
the mesh. Indeed, the mesh is believed to introduce, in an otherwise homogeneous
continuum, the (spurious) heterogeneity that ultimately leads to the transition from
highly distributed cracking to fully localized cracks.
• The influence of variations of the bulk modulus in prisms with a bar was tested, finding that the pattern of cracking and the maximum crack width were rather insensitive
to it, which may explain the variety of values found in the literature for such parameter.
• Then simulations of the tests were carried out on 2D FE models of the section of the
prisms with a tube and the curves of main CMOD, the variation of inner diameter and
the variation of inner volume of the tubes versus corrosion depth were reproduced.
• Initially, the tests were simulated using the same parameters used in the study of
prisms with a bar. The simulated curves of results captured the main trends observed
in the experiments, although seemed to be slowed down. However, the pattern of
cracking differed from the experimental one: only one secondary crack prevailed
that was diametrically opposite to the main crack. Thus further optimization of the
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parameters of oxide was necessary, that was not manifested in simulations of prisms
with a bar.
• From a parametric study, it was seen that prisms with a tube were more sensitive to
variations in the parameters of the model than prisms with a bar, due to the flexibility
of the tube, which was essential to obtain the optimum values of the constitutive
parameters of oxide. Moreover, the variation of inner diameter and inner volume
were more sensitive than the main CMOD to variations in the parameters of oxide.
• The expansion ratio of oxide scaled the results, thus its value was determined by
fitting the numerical critical corrosion depth to that in the experiments. Then the
remaining parameters were modified until obtaining a good fit between the numerical
and experimental curves.
• The best values of the parameters of oxide that fitted the results obtained in specimens
corroded with 400 µA/cm2 were as follows: an expansion factor β = 2.0, i.e., an
expansion of 3.0 referred to the initial steel, a bulk modulus equal to 3.0 GPa, a shear
stiffness 1000 times less than the normal stiffness and a vanishing tensile stiffness.
• Definitive simulations of the tests were computed with the optimized values of oxide.
It was observed that the critical corrosion depth coincided with the step at which the
main crack reached the concrete surface. The model properly reproduces the main
CMOD for crack widths up to about 100 µm; however, for larger crack openings the
numerical response slightly differs from the experimental results, which might be due
to a time-dependent effect of the diffusion of the oxide through the capillary network
of the concrete, which would progressively decrease the effective expansion factor.
• The deformation of the tube was confirmed to be non-uniform: all the diameters shortened up to the critical corrosion depth, but after the main crack opened, the magnitude
and the sign of the variation of inner diameter depended on the angular position of the
given diameter with respect to the main crack. The maximum shortening occurred at
the diameter parallel to the main crack, while the maximum elongation occurred at
the diameter perpendicular to it.
• The diameter whose variation was measured in the experiments was nearly parallel to
that with the maximum elongation; however, since a small inclination of the diameter
with respect to the main crack affects the variation of inner diameter, this may explain
the high scatter in the experimental results.
• There are slight differences in the height and width of the peak of the numerical
and experimental curves of capillary heigh. These differences are greatly reduced by
small adjustments of the concrete strength and fracture energy, which are justified
by the large difference between the rate of loading in the corrosion tests and in the
standard characterization tests.
• The change of the inner volume and the inner diameter was reinterpreted in terms of
nominal hydrostatic and deviatoric pressures, which are not to be confused with the
actual stresses, but are the stresses that would produce the same observed displacements in a ring of rectangular cross-section. The nominal deviatoric pressure, which
does not produce any change in volume, but a pure ovalization, is the effect for which
the experimental and the numerical trends differ qualitatively the most. It seems that
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the numerical model is excessively hydrostatic (i.e., axisymmetric) in the initial part
of the test. This is probably due to excessive simplifications in the model: the behavior of concrete is not really fully isotropic (the casting direction is an issue), and the
corrosion depth is probably not uniform. However, the magnitude of the deviatoric
pressure is much less than that of the hydrostatic pressure, and the mismatch may be
considered minor in the overall behavior.

5.2

Future work

Some lines of future work are presented next, to deal with other aspects of corrosion
that are not covered in this work:

Experimental work
• Investigate further the influence of the density of current on the results of accelerated
corrosion tests, covering a wider range of intensities.
• Monitor the deformation of the tubes at other diameters, to assess the results observed
in the simulations and to study the influence of the cracks on the inner deformation
of the tubes.
• Disclose the transport mechanism of the oxide along the cracks of concrete and the
precipitation of oxide within the cracks and pores of concrete.
• Characterize the non-uniformity of the corrosion, in order to take it into account in
numerical simulations.
• Analyze the difference in the cracking during accelerated corrosion tests in specimens
reinforced with a tube and in specimens reinforced with a solid bar.
• Complete the research on the map of Fe within the cracks and carry out a quantitative
analysis of the results.
• Study the factors affecting the bond between the concrete and the steel in push-out
tests, such as the initial cracking of the specimens.

Numerical simulations
• Incorporate the dependence of time in the model, to account for the influence of the
density of current during accelerated corrosion.
• Implement a model for the flow of oxide within the pores and cracks of concrete,
which actually decreases the effectiveness of the expansion of the oxide.
• Implement imposed non-uniform expansion of the layer of expansive joint elements,
to simulate non-uniform corrosion and to study how it affects cracking of concrete
and the deformation of the tube.
• Carry out 3-dimensional simulations of the bond tests and study the influence of the
cracking of concrete on the results.
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O bolt, J., Balabanić, G., Periškić, G., and Kušter, M., 2010. Modelling the effect of
damage on transport processes in concrete. Construction and Building Materials, 24(9):
1638–1648.
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