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Abstract

In the first part of the presentation an overview of different models for modelling chlori-
de induced corrosion of reinforcement in concrete developed in the past will be shortly
presented. Subsequently, coupled 3D chemo-hygro-thermo-mechanical model for concrete
will be presented. The model is aimed to simulate complex non-mechanical and mechanical
processes before and after depassivation of steel reinforcement. It was implemented into a
3D FE code and its application and performance will be illustrated through several numerical
examples for natural and accelerated corrosion.
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Modeliranje korozije armature u betonu: proslost,
sadasnjost i buducénost

Sazetak

U prvom je dijelu izlaganja ukratko dan pregled razlicitih modela za modeliranje korozije
armature u betonskim konstrukcijama uzrokovane agresivnim djelovanjem klorida. Nakon
toga je prikazan spregnuti tzv. 3D kemo-higro-termo-mehanicki model za beton. Cilj je mo-
dela simulirati sloZene mehanicke i nemehanicke (transportne) procese prije depasivacije
Celicne armature i nakon nje. Model je implementiran u 3D FE program za nelinearnu analizu
betonskih konstukcija, a njegova primjena i performanse prikazani su na nekoliko numerickih
primjera za slucajeve prirodne i ubrzane korozije.

Kljucne rijeci: beton, mehanika trajnosti, korozija armature, numericka simulacija
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1. Introduction

Durability of reinforced concrete structures is mainly influenced by the corrosion of
steel reinforcement. Especially vulnerable are structures exposed to harsh sea cli-
mate conditions or highways and garages treated with de-icing salts during winter
seasons [1]. Reinforcement corrosion can be initiated by: (i) the carbonation of the
concrete and (ii) the penetration of chlorides from de-icing or sea salts. Both pro-
cesses can destroy the inherent, thin, corrosion-protective oxide layer of the steel
embedded in the concrete. After destruction of this oxide layer (depassivation),
the so-called active corrosion phase, in which the steel is gradually converted into
corrosion products (rust), initiates. The resulting consequences are: (i) reduction of
the steel cross section by conversion of iron into iron oxides, (ii) cracking and pos-
sibly spalling of concrete cover due to the increasing the volume of the corrosion
products in relation to the steel and (iii) reducing the bond strength between rein-
forcement bar and concrete. Consequences, durability, failure capacity and ductility
of concrete structure can be significantly reduced.

In addition to the macro-cell corrosion of the steel reinforcement, in the case of
chloride-induced corrosion the local (pitting) corrosion also occurs [2]. This type
of corrosion is particularly dangerous as it causes local damage resulting in a large
decrease in ductility and reduction of the cross-section of the reinforcing steel bar.
The chemical processes leading to the pitting corrosion of steel reinforcement in
concrete are known. However, only a few numerical studies exist at present. The
main reason for this is high complexity of the processes, for which the relevant
parameters are very difficult to determinate. This type of corrosion is decisive for
the decrease of ductility and reduction of the cross-section of reinforcement bars.
It has significant influence on the safety of reinforced and pre-stressed concrete
structures. Therefore, the existing macro-model needs to be further extended, so
that the pitting corrosion can also be simulated. Using such model in combination
with experimental tests the conditions that are responsible for the initiation and
progression of pitting corrosion can be more effectively studied.

According to current research status, there is only one coupled 3D CHTM model
capable of simulating all relevant non-mechanical and mechanical processes and
their interaction. This model was developed at the Institute of Construction Mate-
rials, University of Stuttgart, and implemented into the 3D FE code [3][4][5]. Over
the past years, the model has been calibrated, verified and further improved based
on the extensive experimental tests [6]. In the following its theoretical background
and application is presented.
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2. Chemo-hygro-thermo-mechanical model for concrete

The above mentioned 3D chemo-hygro-thermo-mechanical model couples the
physical and electrochemical processes with the mechanical behavior of concrete
(damage). In the model the transport of capillary water is described in terms of
volume fraction of pore water in concrete by Richard’s equation [7], based on the
assumption that transport processes take place in aged concrete, i.e., the hydration
of cement paste is completed:

00,
ot

where 6 is volume fraction of pore water (m? of water/m? of concrete) and D, (6,
is capillary water diffusion coefficient (m?/s) described as a strongly non-linear
function of moisture content. Transport of chloride ions through a non-saturated
concrete occurs as a result of convection, diffusion and physically and chemically
binding by cement hydration product [4]:

:V'[Dw(‘gw)vew] (1)

HW ac;c — V '[QWDC (9\4}7 T)VCC :|+ DW(HW)V GWVCC _ ag;b (Za)
oC,
a;b =k, (aC,-C,) (2b)

where C_is concentration of free chloride dissolved in pore water (kgCl-/m? pore
solution), D (6 ,T) is the effective chloride diffusion coefficient (m?/s) expressed as
a function of water content and concrete temperature T, C, is concentration of
bound chloride (kgCl-/m? of concrete), k_is binding rate coefficient, a = 0.7 is con-
stant [3].

Assuming that oxygen does not participate in any chemical reaction before depassi-
vation of steel, transport of oxygen through concrete is considered as a convective
diffusion problem:

oC

0,22V [6,D,(0,)VC,]+D,(8,)V6,VC, (3)

where C_is oxygen concentration in pore solution (kg of oxygen/m? of pore solu-
tion) and D (6,) is the effective oxygen diffusion coefficient [3], dependent on con-
crete porosity p__and water saturation of concrete Sw.
Based on the constitutive law for heat flow and conservation of energy, the equa-
tion which describes temperature distribution in continuum reads:

oT

AT+ (T)=cp—-=0 (4)

57



Mini simpozij o numerickim postupcima

where A is thermal conductivity (W/(m K)), c is heat capacity per unit mass of con-
crete (J/(K kg)), p is mass density of concrete (kg/m?) and W is internal source of
heating (W/m3). More detail related to the strong and weak formulations of the
processes up to the depassivation of reinforcement can be found in Ozbolt et al. [3].
The corrosion of steel is activated with the depassivation of the steel reinforcement
in concrete. The non-mechanical processes important for the propagation stage of
steel corrosion in concrete are: (1) Mass sinks of oxygen at steel surface due to ca-
thodic and anodic reaction, (2) The flow of electric current through pore solution
and (3) The cathodic and anodic potential.

The oxygen consumption at the cathodic and anodic surfaces is a result of the fol-
lowing reactions of dissolved oxygen in the pore water with the electrons on the
cathode:

2H,0+0, +4e” —40H™ (5)

The transport of hydroxyl ions to the anode, where corrosion products forms:

Fe?* +20H" — Fe(OH), (6)
4Fe(OH), + O, +2H,0 — 4Fe(OH), (7)
It can be calculated as:
oC <k

D,(S,.p.,)—= =—k,i k. =829x10"* £ (8a)

an cathode C

oC, . _ s kg
DO (SW’pCUﬂ - = _kala ku - 4.14X 10 ~ (8b)

6” anode C

where n is outward normal to the steel bar surface and j_and i_ are cathodic and
anodic current density (A/m?), respectively. The constants k_and k_ are calculated
using the stoichiometry of chemical reactions (Egs. 5-7) and Faraday’s law.
According to Butler — Volmer kinetics, in the present model kinetics of reaction at
the cathodic and anodic surface can be estimated from:

G, 23 @0~V P,
Cnb

=i, 23(0-d, )/, (9)

lu = lan
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where C  is oxygen concentration at surface of concrete element exposed to sea
water (kg/m3), @ is electric potential in pore solution near reinforcement surface
(V), i, and i , are the exchange current density of the cathodic and anodic reaction
(A/m?), @,_and @, are the cathodic and anodic equilibrium potential (V), 8_and 3,
are the Tafel slope for cathodic and anodic reaction (V/dec), respectively.

The electric current through the electrolyte is a result of motion of charged parti-
cles and, if the electrical neutrality of the system and the uniform ions concentra-
tion are assumed, can be written as:

i=-0(S, p.,, VP (10)
where ois electrical conductivity of concrete. The equation of electrical charge con-
servation, if the electrical neutrality is accounted for and the electrical conductivity
of concrete is assumed as uniformly distributed, reads:

V@ =0 (11)

Rate of rust production J, (kg/m?2s) and mass of hydrated red rust per related
surface (A) of rebar m_(kg), respectively, are calculated as:

J, =5.536x107i,
m, =J AtA,

(12)

where At is time interval in which the corrosion is taking place. The coefficient of
proportionality between the anodic current density i and rate of rust production
J is calculated using the stoichiometry of chemical reactions and Faraday’s law [4].
The distribution of corrosion product (red rust) R (kg/m? of pore solution) into the
pores and through the cracks in concrete has been mathematically formulated as a
convective diffusion problem:

0, Z—If =V:[6,D,VR]+D,(0,)V6,VR (13)

in which D_is the diffusion coefficient (m?®/s) of corrosion product. It is important
to note that the Eq. (13) does not directly describe the transport of the red rust,
but rather the distribution of the rust formed in the concrete pores and cracks as a
consequence of soluble species, which can dissolve in concrete pore solution and
subsequently migrate in pores and cracks, reacting with oxygen in the pore water
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[8]. Detailed experimental and numerical investigations have been carried out re-
cently in order to calibrate the present model with this respect [6].

The microplane model for concrete with relaxed kinematic constraints [5] is applied
in the mechanical part of the model. One-dimensional corrosion contact elements
are employed in the model to account for the inelastic strains due to the expansion
of corrosion products. They are placed radially around the bar surface and their
main function is to simulate the contact between reinforcement and the surround-
ing concrete. These contact elements can take up only shear forces in direction
parallel to reinforcement axis and compressive forces perpendicular to the adjacent
surface of the reinforcement. The inelastic radial expansion due to corrosion Al is
calculated as:

m. [ 1 0523
Al =—- {___\J (14)
A\ p. P

where p = 1.96x103 (kg/m®) and p_= 7.89x103 (kg/m?) are densities of rust and
steel, respectively, 0.523 is the ratio between the mass of steel (m ) and the corre-
sponding mass of rust (m ) over the related surface of reinforcement A_that corre-
sponds to the contact element. For more detail see [3] [4].

3. Numerical case study

The application of the presented 3D CHTM model is here demonstrated through
numerical study of the pull-out of the reinforcement bar from a beam-end spec-
imen. The specimen is first exposed to aggressive environmental conditions,
which caused corrosion of embedded reinforcement bar. Subsequently the bar
is pulled out from the specimen and for the different levels of corrosion the
numerical results are compared with the test results obtained by Fischer at al.
[9]. The experiments were carried out under accelerated corrosion, which ap-
proximately corresponds to the severe splash natural conditions.

Only two specimen types with four bars arranged in corners are studied. In the first
specimen type, the diameter of the reinforcement bar is 12 mm with a concrete
cover of 20 mm ($p12/20 mm) and in the second, the bar diameter of 16 mm with
a cover of 35 mm (¢16/35 mm) is used. The total embedment length of the rein-
forcement in both cases is 180 mm, whereas the rest of the length is isolated with
a plastic sleeve (Figure 1). For more detail see [5] [9].
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Figure 1. a) Geometry of the beam-end specimen, b) and pull-out loading condition (Fischer et al. [9])

In the analysis is assumed that certain length sections of the bar are activated
as anode (depassivated) at the start of the analysis, i.e. the processes before
depassivation of reinforcement are not computed. This predefined position of
anode and cathode (Figure 2a), assuming initially un-cracked concrete, is kept
unchanged during the computation. In this way after depassivation only the
electric potential, current density, distribution of oxygen and cracking of con-
crete are calculated. More detail related to the position and size of anodic and
chatodic areas can be found in [10].

One of the aims of the study was to investigate the influence of the position
of anode along the cross-section of the bar reinforcement. Therefore for each
specimen (reinforcement diameter) three configurations of the anodic surface
over the circumference are assumed (see Figure 2b).

ANODE : ANODE ANODE

| +~ %
a) b) / 2\ / @ S 12\,
+ t
360° i L
A4, ! M /
S’/CQ ! CATHODE CATHODE
< Eé‘p/s J

1A 1B 1c

ANODE | ANODE | ANODE

S 16

N
CATHODE

2C

|

2A

Figure 2. Assumed anodic and cathodic regions: a) along the length, b) along the cross-section of the
reinforcement bar
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Fischer at al. [9] 1B
Figure 4. Comparison of the crack patterns in the cross section at the beam’s mid-span for the cases
1A-C with the experimental results

Fischer et al. [9]
Figure 5. Comparison of the crack patterns in the cross section at the beam’s mid-span for the cases
2A-C with the experimental results

Because of the complexity of the model and in order to reduce the computa-
tional time only half of the specimen is modeled (Figure 3a). Eight-node solid 3D
finite elements are used to model the concrete and the reinforcement bar. To
simulate the expansion due to the formation of corrosion products, 1D radially
oriented corrosion contact finite elements are used with a length of 0.1 mm.
These elements can take up radial forces (only compressive) and shear forces
in direction of reinforcement axis (see Figure 3b). Experimentally observed and
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numerically predicted crack patterns in the mid cross section of the specimen,
7 years after depassivation of reinforcement, are shown in Figure 4 and Figure
5. For the first specimen ($12 / 20 mm) the position of anode 1A and 1C leads
to a similar crack formation around the reinforcement bar, whereas type 1B
gives better agreement with the experimental crack pattern. For the type 2,
the case 2B leads to the best agreement with the test data. The above present-
ed results show that the position of cathode and anode in the case 1B for the
first specimen (¢12 / 20 mm) gives the best agreement with the experimental
results. Therefore this case is chosen to demonstrate the effect of distribution
of corrosion products over the cracks. Two cases are considered: (a) transport
of rust is neglected and (b) transport is accounted for. The same as before, for
each case the beams are exposed to the corrosion processes over the period of
7 years. The damage (cracking) due to the expansion of corrosion products after
1 and 7 years, respectively, for the type 1B is shown in Figure 6. The numerical
results indicate a significant influence of the rust distribution on the corrosion
induced damage for the here studied type of chloride induced corrosion, with
relatively high saturation.

1 y, no transport 1y, with transport 7y, no transport 7 y, with transport

Figure 6. Predicted crack patterns due to corrosion induced damage after 1 and 7 years for specimen
type 1B

240 DAYS
1YEAR
1.5 YEARS
3 YEARS
A 7YEARS

4¢n

Radial pressure [N/mmz]
0°

180°
Figure. 7. Distribution of radial pressure and corresponding crack patterns
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In Figure 7 the distribution of radial pressure as a consequence of expansion of
corrosion products is plotted for the case 1B. The pressure is shown in the an-
ode-cathode transition zone. As expected, the pressure is not axial symmetrical-
ly distributed over the surface of reinforcement. The maximum radial pressure
of approximately 40 MPa is observed and it is obtained approximately 1.5 years
after the start of the corrosion phase.

After depassivation of reinforcement (corrosion phase), among other parameters,
the corrosion rate is strongly influenced by distribution of water and oxygen. For
instance, if the supply of oxygen is not sufficient the corrosion process will stop. In
the present numerical investigations the water saturation is assumed to be constant
during the corrosion phase (S, =50%). However, the distribution of oxygen depends
on the corrosion rate, which is in turn dependent on the mechanical properties of
concrete (cracking). More cracking causes better oxygen supply and consequently
leads to higher corrosion rate.

The distribution of electric potential (V), current density (A/m?) and oxygen (kg/
m? of pore solution) along 162 mm length of the reinforcement bar, starting from
the pull-out surface, are shown in Figure 8. Plotted are average values over the
corresponding cathodic and anodic cross-section of the bar. The distributions of
the current density and electric potential along the length of the bar show that
the highest electric potential and current density is predicted in the cathode-anode
transition zone.

The distribution of oxygen concentration along the reinforcement bar is shown in
Figure 9. It demonstrates significant effect of the corrosion induced damage and
the importance of coupling of transport processes with mechanical properties of
concrete. The consumption of oxygen reaches its maximum soon after the start of
the analysis (depassivation) and remains approximately constant until the first sur-
face crack appears. With the opening of the surface crack(s) the flow of oxygen rises
and consequently the concentration of oxygen at the reinforcement surface 7 years
after depassivation is almost identical as at the beginning of the corrosion process.

s 04 b)§0~02:
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[} N 2 .
£ 024 3 i A\ h
e LT T [ L [ L ool N
g% \ﬁ‘\&f L g»f S lver  Bo005 o LA o e
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osd 1 v R B B S A o Tve
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Figure 8. Average distribution of: a) electric potential, b) current density over the reinforcement len-
gth for the specimen type 1B
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Figure 9. The distribution of average oxygen concentration for the specimen type 1B: a) over the bar
length, b) in the the time (length position = 24 mm)

From Figure 9a can be seen that the anodic and cathodic regions of the same bar
cross sections exhibit a different rate of oxygen concentration change. This is clearly
shown in Figure 9b where the average cathode and anode oxygen concentration is
plotted as a function of time for 1B case, in the cross-section of the anode-cathode
transition zone at 24 mm distance from the pull-out surface of the specimen. The
anodic region shows a higher consumption of oxygen at the beginning of the corro-
sion process. Due to the accumulation of the corrosion products in this area which
caused damage, the effect of cracking on oxygen distribution is faster compared to
the cathodic regions. These areas (cathode) are further away from the cracked con-
crete elements and therefore the increased ingress of oxygen through the cracks is
being manifested more slowly.

To demonstrate the influence of corrosion products transport through cracks on
bond resistance, the reinforcement bar is pulled out from the concrete specimens
(type 1B) at t =0 (reference), 1, 2, 3, 4, 5 and 7 years, respectively. The predicted and
experimentally measured (average) pull-out capacities and average crack widths
are shown in Figure 10 as a function average corrosion penetration. In spite of high
complexity of the problem, it can be seen that for both specimen types the numer-
ical prediction, for the case where the transport of corrosion products is accounted
for, exhibits nice agreement with the experimental data.

b) T 1.4 5
£ - Type 1B,
=12 without the transport of rust
£ ] Type 1B,
s with the transport of rust
2 1 o Fischer (5] 612/20 mm
¥ -
© 0.8 —
o -
0.6 —
- RPN %
7 W Type 1B, without the transport of rust 0.4 : 3 <>0
0.2 4 Type 1B, with the transport of rust 0.2 — > ke
— O Fischer [5] 12/20 mm R <
O T T T T T T T T T 7171 O ¥ T T T T T T T T T T
0 005 01 015 02 025 03 0 005 01 015 02 025 03
corrosion penetration [mm] corrosion penetration [mm]

Figure 10. Predicted and measured results for specimen 1B: a) The relative pull-out capacity as a
function of the average corrosion penetration, b) average crack width as a function of the
average corrosion penetration
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4. Conclusions

The coupled 3D CHTM model for analysis of non-mechanical and mechanical pro-
cesses related to the corrosion of steel reinforcement in concrete is briefly dis-
cussed. The application of the model is demonstrated through the example of
corroded steel reinforcement that is pulled out from the concrete beam-end speci-
men. For the assumed environmental conditions and material properties it is shown
that the predicted corrosion induced crack pattern depends on the geometry (bar
diameter and concrete cover), position of anode and cathode and on the transport
of corrosion products through cracks. As the results of numerical analysis show,
corrosion induced damage significantly reduces the pull-out capacity. The predicted
and experimentally measured pull-out capacity show very good agreement. More-
over, it is shown that during the active corrosion phase the corrosion rate depends
on corrosion induced damage and transport of corrosion products through cracks.
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