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Corrosion of the embedded steel is one of the main degradation problems limiting the service life of reinforced
and pre-stressed concrete structures. A model able to provide approximate predictions of the evolution of the
cracking process can be useful for designing accelerated corrosion tests of reinforced cement mortar or concrete
specimens. An electrochemical model has been used for describing the inner displacements and strains caused
by the accumulation of steel corrosion products around the rebar during electrically accelerated corrosion tests
of reinforced cement mortar specimens with simple geometries. Subsequently, a mechanical model using the
XFEM-Based Crack Growth Simulation module of Ansys Software, has been implemented to describe the dis-
tribution of stresses in the cross-section of the specimens. The combined electrochemical and mechanical
model has led to acceptable predictions of the time to appearance of the first surface crack and the evolution
of crack width over time. This combined model, which needs only data of a few experimental parameters, and
uses only readily accessible standard software, could easily be implemented with other experimental configu-
rations. For a more realistic description of the distribution of the tensile stresses and of the whole cracking pro-
cess, the model must consider the initiation of several cracks, at least eight, around the rebar perimeter. The
inclusion in the model of higher number of cracks increases greatly the computation time and effort, and
may lead to convergence difficulties.
1. Introduction

Corrosion of the embedded steel is one of the main degradation
problems limiting the service life of reinforced and pre-stressed con-
crete structures, both in buildings and civil infrastructure [1]. The pro-
cess starts with depassivation of steel, usually triggered by carbonation
[2] or chloride contamination of concrete [3]. Afterwards, the steel
corrosion rate depends on the environmental conditions, mainly on
the humidity of concrete and on the access of oxygen. Corrosion con-
verts progressively the steel rebar into oxides which have a higher vol-
ume (2 to 6 times) than the metal. A significant part of the corrosion
products continuously accumulate remaining as a solid layer around
the rebar [4]. This is why, from a mechanical point of view, the expan-
sion associated with the formation of steel corrosion products can be
interpreted as a rebar volume increase, which generates internal ten-
sile stresses. However, it is known that in certain circumstances, espe-
cially in very humid concrete, some of the corrosion products can be
transported away from the rebar [5], thus partially alleviating the ten-
sile stresses around the rebar. Eventually, the tensile stresses can over-
come the tensile strength of concrete, leading to micro and macro
cracking of the cementitious composite [6,7], and being at the origin
of the damage suffered by concrete [4]. Further consequences of the
corrosion of embedded steel are the spalling or delamination of the
concrete cover, loss of bond between concrete and steel, loss of steel
ductility, and loss of cross-sectional area of steel, so the structure’s
strength weakens [8]. These phenomena contribute to reducing the
serviceability and load bearing capacity of the structures. Another
aspect which needs to be taken into account is that the cracks of the
concrete cover over steel represent a preferential path of enhanced
ingress of deleterious substances into concrete, such are the chloride
ions. Hence cracking can contribute to further increase the corrosion
rate of steel reinforcements. Usually, cracking of the concrete cover
is considered as the event indicating the end of the service life of con-
crete structures affected by steel reinforcement corrosion [9,10]. Thus,
great effort has been devoted to studying the cracking of concrete due
to corrosion of the embedded steel rebar [11–18].
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Cracking of concrete due to embedded steel corrosion has been
experimentally studied through accelerated corrosion tests
[5–7,12,15,19–22], which use an external electric field and high cor-
rosion rate values (typically 100μA=cm2 or higher). The classical
experimental studies are usually based on the microscopic observation
of the appearance of the first surface crack and the recording of the
crack width growth with time. This allows establishing a relation
between crack width and corrosion level in terms of the corrosion pen-
etration depth. Main results indicate that concrete cracking consists of
two steps: generation of the cracks and propagation. Andrade et al.
[12] indicated that only a few micrometers of loss in steel rebar radius
due to corrosion are needed to induce visible concrete cover cracks
(0.05–0.1 mm width), under accelerated corrosion tests. Alonso
et al. [6] found a linear relationship between the amount of steel cor-
rosion penetration (or time) and concrete crack width during the prop-
agation step. However, these classical experimental studies do not
provide information regarding the cracking generation period. Only
very recently the X-ray microcomputed tomography technique has
allowed obtaining three-dimensional images of the morphology of
the microcracking of concrete during the early stages of embedded
steel corrosion [21].

Due to the high economic and social costs associated to the degra-
dation of concrete structures by steel reinforcement corrosion, much
effort has been dedicated to developing non-destructive techniques
(NDT) for assessing the corrosion state and the damage level, espe-
cially at the early stages of the process, when the symptoms are still
not visible. It is widely accepted that the costs of rehabilitation are
highly reduced if decisions on prevention or reparation can be
promptly taken. The classical electrochemical techniques, such as cor-
rosion potential, electrical resistivity of concrete and corrosion rate,
allow easy detection of the risk and activity of the corrosion process
[23–28]. Especial mention deserves the measurement of the steel cor-
rosion rate through techniques like the polarization resistance method
[27,28], which provide essential data for the mathematical models
allowing estimations of the remaining service life of the structures
[10]. However, the electrochemical techniques do not inform on the
concrete damage, i.e. they are insensitive to the presence or absence
of microcracking of the concrete cover. Other techniques based on
propagation of elastic waves [29–31], like ultrasounds, have been
recently shown to be useful for detecting damage and defects in mate-
rials, like microcracking. For instance Acoustic Emission [32–34],
Impact-Echo [35], and Non-Linear Ultrasonic (NLU) techniques
[36–38] have been used to detect cracks in early stages. These are indi-
rect techniques which need calibration against experimental observa-
tions and experimental data. Modelization of the cracking process
may be helpful in research devoted to developing NDT for assessing
the concrete damage. For instance, some capability of prediction of
the time of appearance of the surface cracks is needed for adequately
designing the protocols and the values of the relevant experimental
parameters in the accelerated corrosion tests.

Rigorous mathematical modelization of the concrete cover cracking
due to embedded steel corrosion is highly challenging due to the com-
plexity of the involved physico-chemical processes. It is first needed an
electrochemical model providing information about the formation of
steel corrosion products, including its spatial distribution around the
rebar, and its evolution. In second place the outcomes of the electro-
chemical model must be fed into a mechanical model in order to cal-
culate the tensile stresses generated in the cementitious matrix and
its eventual overcoming of the tensile strength of concrete. Certain
detailed models [13,14,39], developed for situations where reinforced
concrete is exposed to a chloride laden environment, include a chlo-
ride transport model through concrete in order to describe also the
stage previous to the depassivation of steel (building of a high enough
chloride content in the concrete layers in contact with steel), thus
allowing to estimate also the time of initiation of corrosion.
2

Some models consider uniform corrosion along the rebar perimeter
[39,40], although corrosion is frequently localized (chlorides are
known to promote pitting corrosion). Furthermore in the case of com-
plex structures the corrosion process might be highly non-uniform due
to situations like the presence of galvanic macrocouples [8]. Consider-
able effort has been devoted to develop models able to take into
account the non-uniform character of the corrosion process in many
situations [13,14,16–18,41–46]. In cases where corrosion is due to
chloride ions ingressed into concrete from the environment, the rebar
shape is considered to evolve to an ellipsoid [14,16,17,42] as the cor-
rosion propagates and the outer layer of the steel bar is converted into
oxides. Different geometries, combination of ellipsoids [19] and others
[15,41], have been considered. In the case of accelerated corrosion
tests, the use of an electric field with a simple geometry allows rela-
tively easier calculations of the current density distribution along the
rebar perimeter.

Regarding the mechanical models, a large number of numerical
models have been developed. Back in 2013, Jamali et al. [11] made
a critical analysis on modeling of corrosion-induced concrete cover
cracking, studying a number of empirical, analytical and numerical
models to predict the time to cracking, and it was observed that the
majority of the investigation models were only capable of adequately
predicting the time-to-cracking for the experiments to which they were
fitted. Later, more complex mechanical models have been developed;
all implemented models use numerical methods for concrete cracking
caused by non-uniform corrosion, such as the finite element model
(FEM), two-dimensional lattice model, rigid body spring model
(RBSM), boundary element method, and so on [11,13,14,16–18,
41,42], always trying to improve predictions. However, practically
all of the detailed models developed for describing the evolution
of the corrosion induced cracking of concrete use on-purpose devel-
oped software which is not accessible to other researchers and
laboratories.

This work is part of a project aimed at demonstrating the utility
of NLU techniques for the early detection of cement mortar crack-
ing due to embedded steel corrosion [47,48]. The specific objective
of the research reported here has been to develop a resort model
able to provide approximate predictions of the evolution of the
cracking process, in order to facilitate the design of the experiments
of accelerated corrosion of reinforced cement mortar specimens (du-
ration of the experiments and selection of the relevant experimental
parameters like the anodic current density). An electrochemical
model has been used for describing the evolution of the rebar shape
due to the accumulation of corrosion products generated during the
electrically accelerated corrosion test [49]. Subsequently, a mechan-
ical model has been implemented based on the standard use of
Ansys Software [50] and the eXtended Finite Element Model
(XFEM) [51], reaching an acceptable prediction of the time to
appearance of the crack on the surface and the evolution of the
width of the crack over time using standard software, which could
easily be implemented to perform modeling of other specimen
configurations.
2. Materials and methods

Testing was conducted on reinforced cement mortar elements.
The specimens were of prismatic shape, with a single steel rebar
as the reinforcement. The choice of using cement mortar instead of
concrete was due to the interest in using a more homogeneous and
simpler model material, by avoiding the presence of coarse aggre-
gate, which could create heterogeneities at the steel–concrete inter-
face. The corrosion of steel was forced by the application of an
electric field, between the steel rebar (anode), and an external cath-
ode [47].



Table 2
Geometrical details of mortar specimens.

Series Dimensions
(cm)

Concrete cover depth over steel
(mm)

Rebar diameter Ø
(mm)

A 8� 8� 35 10 12
B 10� 10� 35 25 12

Fig. 1. Corrosion test.
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2.1. Preparation of the Reinforced Cement Mortar Specimens

The cement mortar was prepared with a sulfate-resisting ordinary
Portland cement, CEM I 52,5 R SR(3), following the European stan-
dard [52]. The aggregate was standard siliceous sand. The water-
cement ratio (w/c) of the mortar was 0.5, and sodium chloride was dis-
solved into the mixing water to obtain a content of 2% Cl− relative to
the cement weight in the hardened mortar [53]. Samples were manu-
ally compacted. The composition details are given in Table 1. Mortar
compressive strength was measured on eight samples according to
standard [54], resulting a mean value of 29 MPa (1.6 MPa standard
deviation) after seven days of curing. Mortar density was measured
on four samples according to standard [55], resulting a mean value
of 2000 kg/m3 (20 kg/m3 standard deviation).

Two series (A and B) of prismatic mortar specimens were tested.
Geometrical details of the specimens are summarized in Table 2. Woo-
den molds were used for series A and plastic ones were used for series
B. A single steel rebar (deformed surface in series A and smooth sur-
face in series B) with 12 mm diameter was embedded in the speci-
mens. Rebar was located in one of the main symmetry planes of the
specimen. Before putting the steel bar into the empty mold, the steel
surface was cleaned from the native corrosion products, following a
recommended procedure [56]. The ends of the steel bar were pro-
tected with vinyl electric tape, to avoid the triple contact steel-mor-
tar-air, leaving an exposed steel area of 120 cm2 (the steel-mortar
surface of contact). The mortar specimens were compacted manually,
finished, and left in the molds over 24 h. After demolding, the speci-
mens were cured over seven days in a humid chamber (20 °C and
95% relative humidity).

2.2. Corrosion test

The forced corrosion tests were performed by applying an electrical
field between the steel rebar (anode) and an external cathode, consist-
ing of a galvanized steel grid. The tests were run during 23 days in gal-
vanostatic conditions (a constant anodic current density of
100μA=cm2), using an electrophoretic power source. During the tests,
the bottom of the mortar specimens was kept in permanent contact
with tap water (the maximum height of the contact between water
and mortar is 5 mm), in order to maintain an adequate level of electric
conductivity for the material. The mortar specimen was put on top of
the cathode, with a polypropylene sponge in between them as shown
in Fig. 1.

2.3. Microscopic inspection

Due to the chosen setup and geometric conditions of the experi-
ments, the cracks due to steel corrosion appeared at the upper surface
of the mortar specimens. This fact allowed the detection of the appear-
ance of cracking and an easy periodic inspection of this surface with a
crack width microscope (magnification 40X, model 58-C0218, Con-
trols, Milan, Italy). In this way, it was possible to detect the appearance
of the first surface micro-crack, and the posterior monitoring of the
growth of the crack width with time.
Table 1
Mortar composition.

Material Amount ðgÞ

Cement (CEM I 52,5 R SR(3)) 450
Standard siliceous sand 1350
Deionized water 225
NaCl 14.8
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3. Cracking model

An electrochemical model was previously developed [49] to obtain
rebar shape evolution during the performed corrosion test. It is here
outlined. Rebar metal loss is considered to be due to the anodic
impressed current. Current density along rebar perimeter is calculated
solving the appropriate differential equation. The obtained current
density is not uniform along the rebar perimeter. Faraday’s law is then
used to relate current density with volume of metal lost. As current
density is not uniform, metal loss is also not uniform along rebar
perimeter, and so the bar loses its initial circular shape. The dissolved
metal is assumed to react to form solid corrosion products that are
bulkier than the original metal. It is assumed that solid corrosion prod-
ucts stay where they are formed, laying a solid layer of corrosion prod-
ucts around the metallic rebar. The thickness of this layer is also not
uniform along the rebar perimeter. As a result, in comparison with
the original circular section of diameter D, it is obtained a narrower
non-circular metal section of radius rmðθ; tÞ covered by a non-uniform
layer of corrosion products, that yield as a whole a thicker non-circular
bar of radius roxðθ; tÞ. The bar will result thicker where the current
density is higher. This expanded bar is considered as the cause of mor-
tar cracking. The electrochemical model is solved in terms of the cur-
rent function Ψ whose level curves are the current streamlines. Laplace
equation must be solved:

@2Ψ
@x2 þ @2Ψ

@y2
¼ 0 ð1Þ

This equation is solved using an standard FEM method. Current density
along rebar perimeter is then calculated as:

jðθ; tÞ ¼ 1
rmðθ; tÞ �

@Ψðθ; tÞ
@θ

ð2Þ

where t is time and θ is counterclockwise angle in degrees from top of
rebar. This expression and Faraday’s Law are used in each time step to
recompute metal radius as:

rmðθ; tÞ ¼ D
2
� M
nFρ

Z t

0
jðθ; tÞdt ð3Þ

whereM ¼ 55:85 g=mol is the metal molar mass, n ¼ 2 is the number of
electrons in the oxidation reaction, F ¼ 96485 C=mol is the Faraday’s
constant, and ρ ¼ 7850 kg=m3 is the metal density.

A remeshing is needed after each time step due to the rebar shape
change. The radius of the whole bar, including oxides layer, is calcu-
lated as:
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roxðθ; tÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

4
þ ðα� 1Þ D2

4
� r2mðθ; tÞ

� �s
ð4Þ

where α ¼ 2 [57] is the ratio of oxides volume to metal volume. Here it
is assumed that the formed oxides stay around the rebar creating a layer
between the metal and the mortar. This layer is bulkier then the origi-
nal metal, provoking a displacement of the mortar [49]. The resulting
roxðθ; tÞ is used as input in the mechanical crack model described below.

Mechanical model was implemented using Ansys Software [50].
XFEM-Based Crack-Growth Simulation was used. The eXtended Finite
Element Method (XFEM), introduced by Belytschko and Black [51],
models cracks and other discontinuities by enriching the degrees of
freedom in the model with additional displacement functions that
account for the jump in displacements across the discontinuity and
so overcomes the requirements of updating the mesh as the crack
grows. XFEM is based on the partition of unity concepts, first outlined
by Melenk and Babuska [58–61]. Phantom-Node Method was used. A
crack-growth criterion must be specified for newly cracked cohesive
segments to initiate ahead of the existing cracks. When the critical
value of the crack-growth criterion is reached ahead of the crack,
new cohesive segments are introduced in the elements ahead of the
current crack front. The crack-growth criteria is maximum circumfer-
ential stress criterion [62]. When the cohesive segments are initiated,
the cohesive stresses in the crack segments gradually decrease to zero
as the deformation progresses. The decay of the cohesive stresses is
modeled based on a rigid linear cohesive law [63]. Mode I fracture
was considered, and the needed material parameters were estimated,
according to CEB/FIP Model Code [64], from measured mean com-
pressive strength (f cm ¼ 29MPa). Tangent modulus of elasticity Ec is
given by:

Ec ¼ 0:85 � αE � 2:15 � 104MPa � f cm
10MPa

� �1=3

ð5Þ

where αE is related with type of aggregate. The value αE ¼ 1:0 for quart-
zitic aggregate has been used. The factor 0:85 in Eq. (5) accounts for the
initial plastics strains. Mean axial tensile strength f ctm is given by:

f ctm ¼ 2:12MPa � ln 1þ f cm
10MPa

� �
ð6Þ

Fracture energy GF is given by:

GF ¼ GF0
f cm

10MPa

� �0:7

ðf cm ≤ 80MPaÞ ð7Þ

where GF0 is the base value of fracture energy which depends on max-
imum aggregate size dmax as given in Table 3 (Tables 3.1–3 in Ref. [64]).
The value GF0 ¼ 0:025 N=mm has been extrapolated and used for
dmax ¼ 4 mm from Table 3. This extrapolation seems to be reasonable
according to the low variation of GF0 in the range
8 mm < dmax < 16 mm. Crack opening when tensile-stress is zero σmax

is given by:

σmax ¼ 2GF

f ctm
ð8Þ

where a triangular diagram of tensile-stress vs. crack opening has been
considered. The value used for de Poisson coefficient (ν ¼ 0:2) is the
value prescribed by the Spanish code for structural concrete [10] (chap-
Table 3
Base value of fracture energy.

Maximum aggregate size Base value of fracture energy
dmax ðmmÞ GF0 ðN=mmÞ

8 0.025
16 0.03
32 0.058
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ter 8, paragraph 39.9). This value applies for concrete, but similar val-
ues have been experimentally found for cement mortar [65]. Used
parameters are shown in Table 4.

Geometry of the used models is shown in Fig. 2 where plane defor-
mation (infinite length assumed) is used. Eight initially closed cracks
are considered and their locations and numbering are also shown in
Fig. 2. One area is reserved for each crack propagation (areas A to H
in Fig. 2 reserved for cracks 1 to 8 respectively). Cracks propagate nor-
mal to rebar perimeter. Three cases were studied: (i) only one crack
(number 1 and area A in Fig. 2), (ii) four cracks (numbers 1, 3, 5,
and 7, and areas A, C, E, and G respectively in Fig. 2) and (iii) eight
cracks (numbers 1 to 8 and areas A to H respectively in Fig. 2). Each
case uses approximately 71500 nodes and 71000 elements. All used
elements are PLANE182 type (plane deformation, full integration with
B method and pure displacement formulation) [50].

Load has been introduced as a radial displacement applied on the
rebar perimeter. This displacement has been numerically obtained
through the above mentioned electrochemical model. In order to get
an analytical function, data have been fitted using non-linear least
squares method to the following functions:

ur ¼ t
50 ð0:156906� 0:0801103 cos θÞ ðSeries AÞ

ur ¼ t
50 ð0:157077� 0:0578407 cos θÞ ðSeries BÞ

ð9Þ

Where time t is expressed in days, θ in degrees, and the displacement ur
is obtained in mm. Maximum fitting error was lower than 5%.

4. Results and discussion

Experimental crack width evolution with time is shown in Fig. 3 for
series A (5 specimens) and in Fig. 4 for series B (6 specimens; 3 crack
locations (labeled as B6a, B6b, and B6c) were measured on specimen
B6). A first stage of the corrosion process seems to exist, during which
there is no visible crack. This would be the generation step following
Andrade and co-workers [6,12,22,57]. Afterwards, the crack width
shows an approximately linear increase with time. This would be the
propagation step [6,12,22,57]. Linear fit of the experimental data for
the propagation step yields the following expressions:

Series A : w ¼ �39:67þ 12:24t ðr ¼ 0:9346Þ
Series B : w ¼ �71:13þ 14:56t ðr ¼ 0:9310Þ ð10Þ

where t is time in days and w is crack width in μm. According to the lin-
ear fit, first crack appears at 3.2 days for series A and at 4.9 days for
series B. These results are in agreement with the findings of previous
authors [6]. Alonso et al. conducted accelerated corrosion tests on rein-
forced concrete specimens, similar to those described here [6]. These
authors proposed an empiric linear relationship between the steel cor-
rosion penetration able to produce a first crack at the concrete surface,
and the ratio between the concrete cover depth and the rebar diameter
(c=∅). The corrosion penetration is expressed as the metallic bar radius
reduction (x0 in μm) needed to produce a visible crack at the concrete
surface (crack width of 0:050mm).

x0 ¼ 7:53þ 9:32
c
∅

2 <
c
∅

< 3
� �

ð11Þ
Table 4
Parameters of the cement mortar used in the mechanical model.

Parameter Value

Tangent modulus of elasticity Ec 26061 MPa
Mean axial tensile strength f ctm 2.885 MPa
Fracture energy GF 52.677 N/m
Crack opening when tensile-stress is zero σmax 0.0365 mm
Density 2000 kg/m3

Poisson coefficient 0.2



Fig. 2. Mechanical model geometry for the 8 cm� 8 cm� 35 cm specimen.
Cracks are marked with numbers, and their expansion zones are marked with
capital letters.

Fig. 3. Experimental and calculated crack width. Series A.

Fig. 4. Experimental and calculated crack width. Series B.
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where Alonso assumes homogeneous rebar corrosion (circular rebar
shape). Then, metal radius reduction relates to time through Faraday’s
law as:
5

x ¼ 0:0319Icorr t ð12Þ

With applied current Icorr in μA=cm2; t in days, and x in μm. Thus, cover
to rebar diameter ratio can be related with time for 50 μm crack width
(t50 μm in days) as:

t50 μm ¼ 1
Icorr

236:05þ 292:16
c
∅

� �
2 <

c
∅

< 3
� �

ð13Þ

This expression yields 4.8 days and 8.4 days for series A and series B
respectively, which compares to values 7.3 days and 8.3 days respec-
tively obtained from linear fit Eq. (10). Series B is in good agreement
with Eq. (13). For series A the agreement is not so good, but it should
be kept in mind that its c

∅ ratio (0.83) is below the application range of
Eq. (13) (between 2 and 3).

The application of the mechanical model shows that the introduced
energy is released more easily by opening the odd-numbered cracks
than the even-numbered ones (see Fig. 2). It is also observed that crack
1 is the easiest to open. So crack 1 is the most important one to be con-
sidered. The importance of crack 1 is also put in evidence by the fact
that the model calculations indicate that it reaches the concrete sur-
face after 1.95 days, while the other cracks do not reach the surface
in the studied period.

The calculated crack widths of crack 1 using the mechanical models
with 1, 4, and 8 cracks are also shown in Figs. 3 and 4 for series A and
B, respectively. Taking into account the high scatter of the experimen-
tal data, the agreement of the calculated values with the experimental
ones is reasonably good. A better agreement is found for series A.

Time to appearance of first crack on the surface according to
mechanical models (about 2 days) is in reasonable agreement with
experimental fit for series A (3.2 days, Fig. 3). The agreement is not
so good for series B (Fig. 4). This could be due to the different geom-
etry of the mortar specimens in series A and B. A bigger specimen cross
section and a higher concrete cover depth over steel provide a bulkier
environment around the rebar in the case of series B. A more even dis-
tribution of energy among the existing cracks is expected for series B,
thus slowing down the width growth of crack 1 as compared to series
A. In support of this idea is the fact that the first appearance of a sur-
face crack according to the 8 cracks model occurs later (at 2.6 days)
than those predicted by the 1 and 4 cracks models (at 1.95 days in both
cases) for series B, see Fig. 4, but this difference is not observed for ser-
ies A, see Fig. 3. It can be hypothesized that the use of a mechanical
model allowing the creation of more initial cracks around the steel
rebar would be more realistic and it would lead to a better agreement
between the predicted and experimentally observed times of appear-
ance of the first surface crack.

Figs. 5a and 6a show the maximum tensile stress in Pa calculated at
23 days through the 1 crack model for series A and B, respectively. Red
areas show where cement mortar tensile strength has been exceeded.
The observed situation indicates that more cracks will surely appear
and that a model with more propagating cracks could better describe
the real process. Similar results are obtained using the 4 cracks model.
Figs. 7a and 8a show the maximum tensile stress in Pa calculated at
23 days through the 8 cracks model for series A and B, respectively.
It can be seen that the red areas where the cement mortar tensile
strength has been exceeded are smaller, especially in Fig. 8a. That indi-
cates that the 8 cracks model for series B is the one that better
describes the real situation and would explain why it better predicts
the time of appearance of the first crack, as seen in Fig. 4. It can also
be seen that in all cases (Figs. 5a–8a) cement mortar tensile strength is
exceeded around the reinforcement contour. According to this, it
seems that modeling could be improved allowing the possibility that
more than 8 cracks could spread around the reinforcement.

Figs. 5b, 6b, 7b and 8b show the horizontal displacement in m, pos-
itive to the right, calculated at 23 days through the 1 and 8 cracks
models for series A and B. The surface movement due to crack growth
can be seen here, as also the mortar displacement in the whole sample



Fig. 5. Maximum tensile stress (S1 in Pa, (a)) and horizontal displacement (UX in m, (b)) calculated through 1 crack model for series A at 23 days.
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can be seen. It is worth noting in Fig. 8b the appearance of two large
wedge-shaped volumes between cracks separating (large displacement
values) from the rest of the sample. This seems to indicate that the
sample will break detaching two big wedge-shaped chunks. Some
meshing tests have shown that a non-symmetric meshing can lead to
unrealistic non-symmetrical results. Displacement figures like the ones
6

shown in Figs. 5b to 8b are useful to check that the finite element mesh
is symmetric enough to assure the symmetry of the results.

Compressive strength f cm is the main parameter affecting the
mechanical properties in the used model (see Section 3). A sensitivity
analysis on this parameter has been performed. The experimental
value f cm ¼ 29MPa was used as reference standard, and simulations



Fig. 6. Maximum tensile stress (S1 in Pa, (a)) and horizontal displacement (UX in m, (b)) calculated through 1 crack model for series B at 23 days.
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with 10% and 20% higher and lower values of f cm where computed.
The geometry of series A was considered. The obtained graph of crack
width vs. time is shown in Fig. 9. No difference is observed between
calculations made with the standard value of f cm and the calculations
made with f cm values higher than the standard. For lower values of f cm
a different behavior is observed at short times up to approximately
4 days. For longer times the results are similar to the standard. For
7

low compressive strength the model predicts an earlier crack appear-
ance at approximately 0.6 days (compared to approximately 2 days
for standard f cm value). Growth would be slower than with the stan-
dard value of f cm and crack width would be similar to standard from
4 days onward. Unfortunately our experimental setup would probably
not be able to distinguish both situations as the crack width is small
(about 30 μm) when both models converge.



Fig. 7. Maximum tensile stress (S1 in Pa, (a)) and horizontal displacement (UX in m, (b)) calculated through 8 cracks model for series A at 23 days.
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The XFEM-Based Crack Growth Simulation module of Ansys Soft-
ware can be used for modeling the cracking process of simple rein-
forced cement mortar specimens due to accelerated corrosion of an
embedded steel bar. The consideration of only one main crack, the
one first reaching the surface of the specimen, leads to an unacceptable
distribution of maximum stresses around the rebar and also in other
regions of the cementitious composite. Figs. 5a and 6a depict wide
8

regions showing maximum stresses far higher than the mortar’s tensile
strength. For a more realistic description of the distribution of the ten-
sile stresses and of the whole cracking process, the model must con-
sider the initiation of several cracks, at least eight, around the rebar
perimeter. Obviously, the inclusion in the model of higher number
of cracks increases greatly the computation time, convergence difficul-
ties and effort. Regarding the ability to accurately predict the time to



Fig. 8. Maximum tensile stress (S1 in Pa, (a)) and horizontal displacement (UX in m, (b)) calculated through 8 cracks model for series B at 23 days.
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cracking, since the beginning of the accelerated corrosion, the model
has led in all cases to shorter times than those observed experimen-
tally, see Figs. 3 and 4. However, it must be considered that in these
calculations no allowance has been included for transport of the steel
corrosion products away from the rebar, i.e. it has been considered
that all the corrosion products remain accumulated as a solid layer
around the rebar. This must be considered as a first simple approach
9

to the description of the process. It is thought that the consideration
of transport of a portion of the corrosion products away from the rebar
could give rise to an improvement of the prediction accuracy regarding
the time to cracking, which is one of the main outputs of this kind of
modellization.

To sum up, the combined electrochemical and mechanical model
has been used reaching an acceptable prediction of the time to appear-



Fig. 9. Sensitivity analysis. Computed crack width vs. time for different values
of compressive strength.
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ance of the crack on the surface, and the evolution of the crack width
over time, during accelerated corrosion tests of reinforced cement
mortar specimens. This combined model, which needs only data of a
few experimental parameters, and uses only readily accessible stan-
dard software, could easily be implemented with other experimental
configurations. However, further research taking into account the
above mentioned aspects would be desirable.

5. Conclusions

An electrochemical model has been used for describing the inner
displacements and strains caused by the accumulation of steel corro-
sion products around the rebar during electrically accelerated corro-
sion tests of reinforced cement mortar specimens with simple
geometries. Subsequently, a mechanical model using the XFEM-Based
Crack Growth Simulation module of Ansys Software, has been imple-
mented to describe the distribution of stresses in the cross-section of
the specimens during the corrosion process.

The combined electrochemical and mechanical model has led to
predictions of the evolution of crack width over time, which may be
considered as in fairly good agreement with experimental data, espe-
cially for the specimens with smaller cross section and concrete cover
depth. Regarding the ability to accurately predict the time to cracking,
since the beginning of the accelerated corrosion, the model has led in
all cases to shorter times than those observed experimentally. How-
ever, it must be considered that in these calculations no allowance
has been included for transport of the steel corrosion products away
from the rebar, i.e. it has been considered that all the corrosion prod-
ucts remain accumulated as a solid layer around the rebar.

The calculated distributions of stresses in the cross section of the
specimens show that the consideration of only one main crack, the
one first reaching the surface of the specimen, leads to an unacceptable
distribution of maximum stresses around the rebar and also in other
regions of the cementitious composite. There are wide regions show-
ing maximum stresses far higher than the mortar’s tensile strength.
For a more realistic description of the distribution of the tensile stres-
ses and of the whole cracking process, the model must consider the ini-
tiation of several cracks, at least eight, around the rebar perimeter.
Obviously, the inclusion in the model of higher number of cracks
increases greatly the computation time and effort, and may lead to
convergence difficulties.
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