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A B S T R A C T

Concrete is the most common man-made material in today’s world. Embedded steel reinforcement may corrode
due to chloride presence from de-icing salts or salt water, having impact on structural serviceability and life
design. The paper presents a chemo-mechanical model covering initiation and propagation periods of chloride
steel corrosion, taking into account concrete mix design, supplementary cementitious materials, concrete cover,
crack width and environmental conditions. First, a short-term fracture-plastic constitutive model predicts
cracking prior to the chloride ingress. Second, 1D model of chloride ingress yields the time of concrete cracking,
spalling and the effective steel area. Third, mechanical analysis assesses the load-bearing capacity of a structure
in dependence on the state of reinforcement corrosion. Validation includes two load-bearing structures loaded by
chlorides; a concrete strut of a prestressed bridge in Prague, Czech Republic and Nougawa bridge, Japan.

1. Introduction

Reinforcement corrosion due to chloride ingress and carbonation
are considered to be the most damaging mechanism for reinforced
concrete (RC) structures in the world [1]. They generally lead to de-
creased serviceability and durability, which has a further impact on the
life cycle costs and the environment. Chloride ingress is mostly caused
by de-icing salts, sea water and salts in coastal areas. Chloride ions
diffuse through the binder in concrete and the ingress is controlled by
several factors such as environmental boundary conditions, concrete
cover thickness, cement type, cement content, water-to-binder ratio
(w b/ ) [2,3].

The classical approach assumes that corrosion starts when the
chloride concentration exceeds a critical value in the place of re-
inforcement [4, Tab. 8.7]. The critical chloride content approaches
0.6% by weight of the binder [5, p. 72]. Other sources give a range of
0.5–0.9% for a tidal and splash zone and 1.6–2.3% for submerged
concrete [4, Tab. 8.7].

The initiation period ti corresponds to no steel corrosion, see Fig. 1.
After the initiation period, the propagation period tp takes place, when
the steel reinforcement corrodes and expanding corrosion products are
formed. Chlorides often exhibit a pitting corrosion [6]. The times tp cr,
and tp sp, in Fig. 1 correspond to the cracking and spalling time of the
concrete cover. They are related to corrosion depths xcorr cr, and xcorr sp,

[4].
There are several models predicting the chloride concentration

during the ingress [1]. The Mejlbro-Poulsens model [7] assumes the
concentration gradient as the driving force, operating on a time-de-
pendent chloride concentration and diffusion coefficients. Kwon’s
model [8] extends the model for crack effects, which accelerate the
ingress [2]. Their role is substantial for traditional cement-based ma-
terials, e.g. 0.3 mm cracks may decrease the initiation period approxi-
mately five times compared with uncracked concrete [9]. The more
realistic ClinConc model decomposes chlorides into free and bound
components [10]. This approach leads to a non-linear formulation af-
fected by the binding chloride isotherm [11].

It has been found that the steel corrosion rate depends on the cor-
rosion current density icorr . The models addressing this problem include
Liu and Weyer’s model [3], models by Alonso [12], Yalçyn and Eugen
[13], Vu and Steward [14] or Scott [15] to mention a few.

This article combines Kwon’s model [8] for the initiation period
with the effect of cracking and Liu and Weyer’s model [3] for the
propagation period. The amalgamated models predict chloride profiles,
the time for cracking and spalling and the decrease of the steel area due
to chloride action with consequences for load-bearing capacity and
structure reliability.

https://doi.org/10.1016/j.engstruct.2018.08.006
Received 22 February 2018; Received in revised form 28 July 2018; Accepted 2 August 2018

⁎ Corresponding author.
E-mail addresses: karolina.hajkova@fsv.cvut.cz (K. Hájková), vit.smilauer@fsv.cvut.cz (V. Šmilauer), libor.jendele@cervenka.cz (L. Jendele),

jan.cervenka@cervenka.cz (J. Červenka).

Engineering Structures 174 (2018) 768–777

0141-0296/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2018.08.006
https://doi.org/10.1016/j.engstruct.2018.08.006
mailto:karolina.hajkova@fsv.cvut.cz
mailto:vit.smilauer@fsv.cvut.cz
mailto:libor.jendele@cervenka.cz
mailto:jan.cervenka@cervenka.cz
https://doi.org/10.1016/j.engstruct.2018.08.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2018.08.006&domain=pdf


2. Chemo-mechanical material models

2.1. Models for initiation period

Models for the initiation period assume that steel corrosion starts
when the concentration of chloride ion exceeds a critical value [4, Tab.
8.7]. There is an analytical solution for 1D transient ingress with an
initially zero chloride content
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where Cs is the chloride content at surface (kg of chlorides/kg of a
binder), D t( )m is the mean (averaged) diffusion coefficient at the time t
(m2/s) [2], x is the distance from the surface (m) and f w( ) includes
acceleration by the crack width w (mm); e.g. a crack width of 0.3 mm
increases the mean diffusion coefficient by a factor of 5.26. The pre-
liminary results of the model have been described in detail previously
[9]. The solution of Eq. (1) illustrates Fig. 2; a chloride profile with and
without cracks from Section 2.1.2.

The instantaneous diffusion coefficient D t( ) for chloride ingress is
assumed to decrease over the time t according to the power law
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where m is the decay rate (also called the age factor). The same ex-
ponential form was employed in Model Code 2010 [5]. If =m 0, a
constant value of =D t D( ) ref is recovered; such a model was proposed
by Collepardi et al. [16]. Nowadays, it has become clear that this as-
sumption is too conservative and is not generally recommended.

The mean diffusion coefficient D t( )m is obtained by averaging D t( )
over the exposure time [17]
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where tR is the time, after which the diffusion coefficient remains
constant and, which is generally taken as 30 years [18]. tref corresponds
to the time, when the diffusion coefficient was measured. Fig. 3 shows a
characteristic evolution of the diffusion coefficient D t( ) and D t( )m
through 100 years.

Once crack width changes over time, integration of derived Eq. (1)
provides the mean diffusion coefficient D t( )m as

∫= +D t w D t w w( , ) ( ) 63.22 4.73dm w m
w

, 0 (5)

2.1.1. Diffusion coefficients for chlorides
The proper determination of diffusion coefficients presents a chal-

lenging task, taking into account various cements, concretes, exposure
conditions and inverse analysis. The DuraCrete model [4] provides the
estimation of the apparent diffusion coefficient from the formula
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where ∈ 〈 〉k 0.27, 3.88e is the environment factor, ∈ 〈 〉k 0.79, 2.08c is the
curing factor, D t( )Cl 0 is the measured diffusion coefficient determined at
the time ∈ 〈 〉t m, 0.2, 0.930 is the decay rate factor and ∈ 〈 〉γ 1.25, 3.25Da
is the partial factor. In our notation, =D t D t( ) ( )a m and =t tref0 . Table 1

Fig. 1. Initiation and propagation periods.

Fig. 2. Effect of cracking on chloride ingress. Chloride profile without cracks (a) and with 0.3 mm crack (b).
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gives an example of decay rate factors for a spray/splash zone [4, Tab.
8.6].

The experimental data for concretes exposed to a spray zone for 10-
years provided more accurate results [19]. The authors stated that the
DuraCrete model for a spray zone strongly underestimates the long-
term profile, leading to the under-designed life of a structure [19, p.
50]. Fig. 4 summarizes the results from 10-year exposure data in terms
of the apparent diffusion coefficient also in dependence of the water-
binder ratio. In this particular case, =t 10ref years, m is listed in Table 1,

= −D m D t(1 ) ,ref a R can be assumed as 30 years.

2.1.2. Example of chloride ingress in submerged salt water
Let us consider regular concrete made from ordinary Portland ce-

ment, water-to-cement ratio =w c( / ) 0.55. According to Fig. 4(a),
= −D 2.07·10a

12 m2 s−1 at =t 10ref years. According to the DuraCrete
model [4, Tab. 8.6], the decay rate factor for concrete submerged in sea
water corresponds to =m 0.30. In such particular case,

= − = −D m D(1 ) 1.45·10ref a
12 m2 s−1. Fig. 3 shows the evolution of dif-

fusion coefficients for this particular case.
Let us take a characteristic value =C 10.3%s by mass of binder [4,

Tab. 8.5], the critical level for corrosion as 1.35% by mass of binder [4,
Tab. 8.7] and concrete cover as 100mm. Table 2 summarizes initiation
times according to Eq. (1) with the effect of cracking. It is evident that a
macrocrack 0.3mm decreases the initiation time by almost ten times.
The model assumes that the macrocrack width remains constant up to
the reinforcement.

2.1.3. Validation of chloride ingress in a spray zone
The validation relies on the data gathered in a Swedish de-icing

highway environment where various concrete compositions were ex-
posed to spray/splash conditions [19]. First, let us consider ordinary
Portland cement OPC I with =w c/ 0.40 and =m 0.37. The reference
diffusion coefficient is calculated from Fig. 4(a) and yields the value

= −D 0.43·10a
12 m2/s and = − = −D m D(1 ) 0.27·10ref a

12 m2/s. Fig. 5(a)
shows the measured chloride concentration from two samples, de-
monstrating also significant variations after a 4.5 year exposure.

Second, the same location and exposure was tested with concrete
95% CEM I+ 5% SF, =w b/ 0.40. The reference diffusion coefficient
from Fig. 4(b) yields the value = −D 0.33·10a

12 m2/s and
= − = −D D(1 0.39) 0.20·10ref a

12 m2/s. Apparently, the silica fume addi-
tion decreased Dref by 26% when compared to the previous concrete. It

is known that silica fume addition increases the autogenous, drying
shrinkage and strength of concrete and such elements are more sus-
ceptible to cracking. Fig. 5(b) shows the validated chloride profiles.
There is an apparent, small chloride variation in the first 10mm, sig-
nalizing a crack zone. Much better agreement would recover if the
boundary condition were shifted 10mm inside concrete to encounter
surface cracking.

3. Models for propagation period

3.1. Corrosion rate during propagation period

The corrosion rate depends on the corrosion current density icorr .
The calculation for chloride ingress was formulated by Liu and Weyer’s
model [3]

= ⎡
⎣

+ − −

+ ⎤
⎦

−

i C
T

R

t

0.926·exp 7.98 0.7771ln(1.69· ) 3006 0.000116

2.24

corr M binder c,

0.215
(7)

where icorr is the corrosion current density (μA/cm2), Mbinder is the mass
of binder (kg/m3), CM binder, is the total chloride content (kg/m3 of
concrete) at reinforcement determined from 1D non-stationary trans-
port, T is the temperature at the depth of reinforcement (K) and t is the
time after initiation (years). Rc is the ohmic resistance of the cover
concrete (Ω) [20]

= − +R Cexp[8.03 0.549ln(1 1.69· )]c M binder, (8)

The corrosion rate of reinforcement is based on Faraday’s law [21]

=x t i ṫ ( ) 0.0116 ( )corr corr (9)

where xċorr is the average corrosion rate in the radial direction (μm/
year), icorr is the corrosion current density (μA/cm2) and t is the cal-
culated time after the end of the initiation period (years). By the in-
tegration of Eq. (9), the corroded depth is obtained

∫=x t i t R x( ) 0.0116 ( ) dcorr t

t
corr corr

ini (10)

where xcorr is the total amount of corroded steel in the radial direction
(mm) and Rcorr is a parameter depending on the type of corrosion (-).
For uniform corrosion (such as carbonation) =R 1corr , for pitting cor-
rosion (such as chlorides) = 〈 〉R 2, 4corr according to [22] or even

= 〈 〉R 4, 5.5corr according to [23]. The effective bar diameter reads

= −d t d ψ x t( ) 2 ( )ini corr (11)

where d t( ) is the evolution of the bar diameter at the time t d, ini is the
initial bar diameter (mm), ψ represents an uncertainty factor of the
model with a default value of =ψ 1 and xcorr is the total amount of
corroded steel according to Eq. (10).

3.1.1. Cracking of concrete cover
The cracking of concrete can be estimated from the DuraCrete

model [4]. The critical penetration depth of corroded steel xcorr cr, is
formulated as

= + +x a a C
d

a fcorr cr
ini

t ch, 1 2 3 , (12)

where the parameter = −a 7.44·101
5 m, the parameter = −a 7.30·102

6 m,
= − −a 1.74·103

5 m/MPa, C is the cover thickness of concrete (m), dini the
initial bar diameter (m), ft ch, is the characteristic splitting tensile
strength of concrete (MPa).

3.1.2. Spalling of concrete cover
The critical penetration depth of corroded steel at spalling xcorr sp, is

calculated from [4] as

Fig. 3. Evolution of apparent and mean diffusion coefficients.

Table 1
Decay rate factor m for different binder compositions in a spray/splash zone [4,
Tab. 8.6].

Binder type Decay rate factor m (–)

Ordinary Portland Cement (OPC) 0.37
OPC+ silica fume 0.39
OPC+ slag 0.60
OPC+ fly ash 0.93
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= − +x w w
b

xcorr sp
d

corr cr,
0

, (13)

where the parameter b depends on the position of the bar (for top re-
inforcement 8.6 and for bottom 10.4), wd is the critical crack width for
spalling (characteristic value 1mm), w0 is the width of the initial crack
and xcorr cr, the depth of corroded steel at the time of cracking (m).

After the concrete cover spalling, direct steel reinforcement corro-
sion takes place depending on environment aggressivity. Six corrosivity
zones were defined for environments and the values for the first year
give [24]; dry indoors C1 (⩽ 1.3), acid/urban inland C2 (> ∧ ⩽1.3 25),
coastal and industrial C3 (> ∧ ⩽25 50), calm sea-shore C4
(> ∧ ⩽50 80), surf sea-shore C5(> ∧ ⩽80 200), ocean/off-shore CX

(> ∧ ⩽200 700) μm/year.

3.2. Fracture-plastic model

The nonlinear finite element analyses presented further in this paper
are performed with the ATENA software [25] using the combined
fracture-plastic model for concrete by Červenka and Papanikolaou [26].

The constitutive model formulation assumes small strains and the
strain decomposition into elastic εij

e, plastic εij
p and fracture εij

f compo-
nents. The stress development is described by the rate equations re-
flecting progressive damage (concrete cracking) and plastic yielding
(concrete crushing)

= − −σ D ε ε ε̇ ·( ̇ ̇ ̇ )ij ijkl kl kl
p

kl
f (14)

Flow rules govern the evolution of plastic and fracturing strains
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f

ij
f
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where λ ̇p is the plastic multiplier rate and g p is the plastic potential

Fig. 4. Apparent diffusion coefficients for different cement types, 10-year exposure of concrete in a spray zone [19].

Table 2
Initiation time for chloride corrosion of submerged concrete, in
dependence on original crack width. Cover thickness 100mm.

Crack width (mm) Initiation time (years)

0.0 53.8
0.1 23.6
0.2 9.8
0.3 4.7
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function, λ ̇ f is the inelastic fracturing multiplier and g f is the potential
defining the direction of inelastic fracturing strains. The multipliers are
evaluated from the consistency conditions.

The Menetrey-Willam model [27] is used for the plasticity of con-
crete in multiaxial stress state in compression, see Fig. 6, with nonlinear
hardening in Fig. 7, and linear softening in Fig. 8.

In tension, the Rankine criterion for tensile fracture with ex-
ponential softening by Hordijk [28] is used, where wt stands for the
crack width, see Fig. 9.

The stress softening in tension is determined using the crack band
approach of Bažant and Oh [29] and, analogically, in compression of
Červenka et al. [30]. The crack band as well as the crush band size are
adjusted with regard to the crack orientation approach proposed by
Červenka and Margoldová [31]. This method is illustrated in Fig. 10

and described as

′ = ′ =L αγL L γLandt t c c (17)

= + − ∈ 〈 〉 =γ γ θ θ γ1 ( 1)
45

, 0;45 , 1.5max max (18)

The crack angle θ is taken as the average angle between the crack
direction and element sides.

The above formulation controls the strain localization accounting
for the mesh size and the crack orientation. The parameter α is in-
troduced to cover the localization effect due to the element type as

Fig. 5. Validation of chloride ingress on OPC with =w b/ 0.40 (a) and with the addition of 5% silica fume (b) [19].

Fig. 6. Visualization of the three-parameter concrete failure criterion; Menetrey
and Willam [27].

Fig. 7. Hardening law for the concrete plasticity model in compression, E is the
Young’s modulus.

Fig. 8. Softening law for the concrete plasticity model in compression.

Fig. 9. Crack opening law according to Hordijk [28].

Fig. 10. Crack band formulation.
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reported recently in the work of Slobbe et al. [32]. In this study, =α 1 is
used for low order elements with a 2× 2 integration scheme and

=α 0.6 for quadratic elements with a 3× 3 integration scheme.
Some additional features of cracked concrete are included in the

model, namely the reduction of compressive strength and shear stiffness
degradation, often referred to as a shear retention effect.

The damage of concrete by cracks is reflected according to Bentz
et al. [33] in the reduction factor rc of the compressive strength fc as

= =
+

⩽ ⩽σ r f r
ε

r r, 1
0.8 170

, 1.0c c c c c
lim

c
1 (19)

where ε1 is the tensile strain normal to the crack. The largest maximal
fracturing strain is used for ε1 and the compressive strength reduction is
limited by rc

lim. In this work, =r 0.8c
lim is considered. The shear strength

of the cracked surface is also considered according to the modified
compression field theory (MCFT) by Bentz et al. [33]

⩽
′

+
≠

+

σ
f

i j
0.18

0.31
,ij

c
w

a
24

16g (20)

taking into account the crack width w and the aggregate size ag. Since
MCFT does not offer shear stiffness, the authors proposed to relate the
shear stiffness Kt

cr , oriented tangentially to the crack face, to the normal
stiffness Kn

cr already defined by the crack opening law

=K s Kt
cr

F n
cr (21)

The normal stiffness comes directly from the tensile softening law in
Fig. 9 as

=K f w w( )/n
cr

t t t (22)

This makes the shear stiffness dependent on the crack opening
displacement and independent of the mesh size. The scaling factor

=s 50f was used in the presented analyses.

4. Results and discussion

The presented chemo-mechanical model is validated on two en-
gineering structures suffering from chloride ingress, i.e. a concrete strut
of a prestressed bridge in Prague, Czech Republic, and Nougawa bridge,
Japan. The model is capable of predicting serviceability due to chloride
ingress with regards to intrinsic and extrinsic factors.

4.1. Concrete strut of a pre-stressed bridge

The state of a prestressed concrete bridge X-567 in Prague was
evaluated after 32 years of service. The total width of the bridge is
12 m, the bridge is built as a precast V-frame with spans of
14+36+14m. The reinforced concrete strut marked in Fig. 11 is
regularly attacked by chlorides from de-icing salts. Its lower part was
analyzed in order to assess reinforcement corrosion due to chloride
ingress.

The concrete of the struts was classified as class C40/50. The esti-
mated composition yields CEM I 42.5 N, 350 kg/m3 and water content
of 180 kg/m3. The strut is reinforced by stirrups and vertical bars, the
latter with a diameter of 32mm and the concrete cover of 35mm.

The surface of the strut was exposed to chlorides with the para-
meters summarized in Table 3. According to the DuraCrete model [4,
Tab. 8.6], the decay rate factor for concrete in a tidal and splash zone
corresponds to =m 0.37. The surfaces are loaded by a measured
chloride concentration of 1.7% by mass of binder. The critical level for
corrosion is 0.4% per binder as given in EN 206-1. The parameters
a a a, ,1 2 3 are estimated from [4]. Corrosion for direct contact with the
reinforcement assumes category C3 (coastal and industrial environ-
ment) according to [24].

Fig. 12(a) shows the geometry and chloride exposition of the
modeled strut. Chloride profiles for the crack width of 0.05mm are
given in Fig. 12(b). It turned out that sound concrete without cracks
would yield an unrealistically long initiation time, therefore, hy-
potheses of crack widths 0, 0.05 and 0.1mm were tested further.

Those scenarios are demonstrated in Fig. 13. The most realistic as-
sumption favors a crack width of 0.05mm. In this particular case, the
corrosion of reinforcement starts after 18 years, followed by the spalling
of the concrete cover after another three years. The concentration of
chlorides reaches 0.551% after 32 years at the reinforcement depth
while the measured concentration is 0.51% at locations without spal-
ling.

The remaining area of reinforcement reaches 0.944 after 32 years of
service. This value is in good agreement with the measured value of
0.95, see Fig. 13(b). Our analysis showed that a crack width of 0.05mm
decreases the initiation time by approximately 1.6 times and the re-
duction of the reinforcement area is 2.4 times higher compared with
sound concrete where reinforcement corrosion would start after
27 years.

Fig. 11. Bridge view with the analyzed strut.

Table 3
Input parameters for chloride ingress.

Parameters Concrete strut The Nougawa
bridge

Source

Dref −1.37·10 7 m2/day −1.2·10 7 m2/day Fig. 4
mcoeff 0.37 0.65 Duracrete [4, Tab. 8.6]
Cs 1.7% by mass of

binder
4% by mass of

binder
Measured values

Clcrit 0.4% by mass of
binder

0.6% by mass of
binder

Duracrete [4, Tab. 8.7]

ft ch, 3.2MPa 2.6MPa Estimated from
compressive strength

Rcorr 2 3 According to [22]
Closs 30 μm/year 35 μm/year According to category

C3 [24]
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4.2. Nougawa bridge, Japan

Nougawa bridge was built in 1930 in a Japanese coastal area. The
bridge is a three span reinforced concrete structure with the total length
of 131m. Due to high chloride presence in the air and fast corrosion,
the bridge was repaired 30 years after its erection. In 2009 (79 years
after the erection), two beams from the bridge were cut out and further
investigated, Fig. 14(b).

The beams had stirrups of 9.5mm, simple longitudinal reinforce-
ment with a diameter of 25.4mm covered with 47mm of concrete. The
concentration of chlorides and the loss of reinforcement in the mid-
spans were experimentally measured and used in the validations.

The calculation consists of three stages, see Fig. 15. First, the bridge
was mechanically loaded by the dead weight and the corresponding
design life load. Stresses, strains and cracks were calculated in the
mechanical part. The following material parameters of the beams were
adopted from experimental values; concrete compressive strength of
26MPa and Young’s modulus of 25 GPa at 79 years [34]. Cracks up to
0.3 mm emerged due to the load in the middle span.

The second stage activated the mechano-chemical model with the
prediction of the cracking time, spalling time and remaining re-
inforcement. The surfaces of the beams were exposed to chlorides with
the parameters summarized in Table 3. According to the DuraCrete
model [4, Tab. 8.6], the decay rate factor was =m 0.65 for the atmo-
spheric loading environment. The surfaces were loaded by a measured
chloride concentration 4% by mass of binder which fitted the values of
a tidal and atmospheric zone in [4, Tab. 8.5]. The critical level for
corrosion was 0.6% by mass of binder from [4, Tab. 8.7]. The re-
inforcement area loss assumed a direct environmental impact for ca-
tegory C3 (coastal and industrial environment) according to [24].

Fig. 16(a) shows the validation of the chloride concentration at
point P2 at 79 years of service with measured mid-span values.
Fig. 16(b) shows the evolution of the relative reinforcement area at
point P2, including the concrete cover restoration. The concrete cover

spalled very soon in this case, after 1.5 years. The predicted relative
reinforcement area of 63.6% agrees well with the measured value of
62.5%. After refilling the concrete cover, the initiation time becomes
1.88 times longer due to the concrete cover without cracks.

Fig. 17 shows the chloride concentration after 79 years in the place
of longitudinal reinforcement. Note that the beams were simply sup-
ported on the left side and clamped on the right side to mimic the last
span of a continuous beam.

4.2.1. Ultimate limit state analysis of Nougawa bridge’s beam
Ultimate limit state analysis (ULS) presents the third and the last

modeling stage. The experiments determined load bearing capacity
from a cut-out beam. The four-point bending, see Fig. 18(a), recorded
the mid-span deflection and applied loading forces. A high level of
corrosion and complete destruction of the concrete cover caused that
rebar A in Fig. 18(b) detached from the beam. For this reason, this bar
was removed in the computational model.

Fig. 19 shows the mesh of the finite element model for ULS analysis.
During the four-point bending, tensile fracturing occurred in the middle
part and propagated as long as the beam increased its deflection.

Fig. 20(a) evaluates analytically the maximum load from a known,
reduced reinforcement area. After the erection, the maximum load
corresponded to 340.6 kN and decreased to 193.9 kN at 79 years.
Fig. 20(b) shows the ULS simulation at 79 years. The maximum force of
200.9 kN from the simulation (deflection of 0.04m) drops down to
136 kN due to the rupture of the lower bar layer. No shear failure oc-
curred in the 3D simulation although the stirrups area loss was 55%
near the lower surface.

5. Conclusions

The paper presents a chemo-mechanical model for chloride ingress,
which allows the simulation of the most important stages during the
service life of a steel reinforced concrete structure, i.e. initiation period,

Fig. 12. Geometry (0.6×0.75m) of the bridge strut with a chloride profile and attacked longitudinal reinforcement (a). Chloride profile of the bridge strut for the
surface measured concentration of 1.7 by mass of binder and crack width 0.05mm (b).

Fig. 13. Chloride concentrations at the reinforcement depth, concrete cover= 35mm (a). Reduction of the reinforcement area during service life (b).
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time of concrete cover cracking, time of concrete cover spalling and
direct corrosion of reinforcement. The initiation period is strongly af-
fected by the critical chloride concentration and the concrete cover,
concrete diffusivity becomes influenced by the cement type and por-
osity. The amalgamated models take into account diffusion acceleration
due to crack presence contributing to faster chloride ingress.

The validation of a concrete strut demonstrates that a crack width of
0.1 mm decreases the initiation time 2.6 times as compared to un-
cracked concrete. For this reason, preventing deep macrocrack forma-
tion is a crucial factor for durable concrete. This can be facilitated by
e.g. proper mix design or fully stressed concrete structures.

The loss of the concrete cover and progressive corrosion still allows
the serviceability of several concrete structures. This was demonstrated

on Nougawa bridge, Japan, where spalling after 1.5 years and restora-
tion after 30 years kept the bridge in service for 79 years in total. The
load-bearing capacity decreased to 56.9% but still kept the bridge in
service. Simple diagnostic tools with the help of computational models
allow estimating the load-bearing capacity of aging structures.

Several improvements and refinements of the presented models are
possible, e.g. chloride binding isotherms, accurate determination of the
surface chloride concentration, evolution of chloride diffusivity or a
wick action. Chloride ingress is a partially reversible process which can
be mitigated by electro-osmosis, reducing the level of chloride con-
centrations below critical levels.

Fig. 14. Cross section of Nougawa bridge (a). Cut-out, validated beam (b) [34].

Fig. 15. Modeling workflow for assessing chloride corrosion and load-bearing capacity.

Fig. 16. Profile of chloride concentrations for beams 2, 5, 9 in 79 years (a). Evolution of reinforcement loss at point P2 in 79 years (b). Beam positions are marked in
Fig. 14(b).
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