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Abstract

Chloride ingress in reinforced concrete structures is the main cause for the corrosion of reinforcing
steel. This paper presents a new chemo-mechanical model up and beyond induction period, taking
into account concrete mix design, supplementary cementitious materials, concrete cover, effect of
cracking, and environmental conditions. The 1D model of transient problem of chloride ingress is
extended for crack effects, which accelerates propagation. Fracture—plastic constitutive model is
used for the modelling of externally induced cracks. The influence of cracks is large, e.g. crack
width 0.3 mm decreases the induction time approximately five times when compared to intact
concrete. Once the end of induction period is reached, progressive corrosion stage takes place.
The corrosion current density i, is used for calculating the time of concrete spalling for chlorides.
After concrete spalling, reinforcement is subjected to corrosion without any protection. The
models are validated using two practical cases; the Nougawa bridge from Japan and a strut of a
concrete bridge from the Czech Republic.

Keywords: Chloride ingress, reinforcement corrosion, service life, durability

account for the acceleration of these processes

1 Introduction due to the presence of cracks in concrete [2].

Degradation of concrete and reinforced concrete Reinforcement corrosion starts when chloride
structures is still important topic.This encounters concentration in the place of reinforcement
reinforced beams, concrete bridges and other exceeds approximately 0.6% of the concrete
structures. For this reason, new models were binder mass.

formulated for the simulation of the corrosion of
reinforced concrete structures due to carbonation
and chloride ingress. The latter is caused by the
effect of salts during winter periods or salts in the
air and water in coastal areas. Kwon’s model is
used for chloride ingress [1], and is extended to
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Figure 1: Initiation and propagation phase [5]

Corrosion of reinforcement during service life is
described in Figure 1. It can be divided into two
phases; the initiation (induction) period t; and the
propagation period t, where corrosion of
reinforcing steel takes place. The initiation period
t; has been described and validated in the previous
paper [3]. The obtained results show strong
influence of cracks on transport properties and
speed of damaging mechanisms. For traditional
cement-based materials, cracks 0.3 mm decrease
induction time approximately 5 times for chloride
ingress compared to non-cracked concrete. During
the propagation period t,, reinforcement corrodes
and expanding corrosion products are formed. A
uniform corrosion is characteristic for carbonation
and a pitting corrosion for chlorides [4].
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Figure 2: Workflow for chloride corrosion

The time t,. and t,, in Figure 1 corresponds
respectively to a moment, when due to volumetric
expansion accompanying corrosion, the concrete
cracks and spalls. The corresponding depths of

COrrosion  Xeorrer and  Xeorsp, are provided by
DuraCrete model [5]. In the presented work we
employed Liu and Weyer's model [6]. It is used for
the calculation of the corrosion current density i,
for chlorides up to time of concrete spalling.

Figure 2 shows workflow for chloride assessment
with regards to reinforcement corrosion.

2 Model for initiation phase

The corrosion starts when the concentration of
chlorides exceeds a critical value in the place of
reinforcement. The 1D transient chloride ingress
model reads [7]:

C(x,t) =Cs [1 —erf (W)] (1)

where C, is the chloride content at surface in
[kg/m®], Dn(t) is the mean (averaged) diffusion
coefficient at time t [m?/s], x is the distance from
the surface in [m] and f(w) introduces acceleration
by cracking ( equals to one for a crack-free
concrete). C, and C(x,t) can be related to a
concrete volume or to a binder mass. The model
for initiation phase is in detail described in [3].

3 Model for propagation phase

The corrosion rate for chlorides depends on the
corrosion current density i, [LA/cm?]. It depends
on chlorides concentration in the concrete. This
model predicts amount of corroded steel during
the whole propagation period t,. The corrosion
rate is based on Faraday’s law [8] determined as
follows:

Xeorr(€) = 0.01160c07(t) (2)

where X, iS the average corrosion rate in the
radial direction [um/year], i.,, is corrosion current
density [pA/cm?] and t is calculated time after the
end of induction period [years].

By integration of Eq. (2), we obtain the corroded
depth for 1D propagation:

t .
Xeorr(0) = ftini 0.0116icorr(t)Reorrdt (3)

where x.,, is the total amount of corroded steel in
radial direction [mm] and R,,,, is parameter, which
depends on the type of corrosion [-]. For uniform
corrosion (carbonation) R., = 1, for pitting
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corrosion (chlorides) R, = <2; 4> according to [9]
or Reor = <4; 5.5> according to [10].

The effective bar diameter for both types of
corrosion is obtained from:

d(t) = dini — P2xcorr(£) (4)

where d(t) is the evolution of a bar diameter in
time t, d;,; is initial bar diameter [mm], ¢ is
uncertainty factor of the model [-], mean value ¢
=1 and x., is the total amount of corroded steel
according to (4).

The corrosion rate for chlorides is affected by
concentration of chlorides in the concrete. The
calculation of the corrosion current density was
formulated by Liu and Weyer’s model [6]:

icorr = 0.926 x exp [7.98 + 0.7771In(1.69C;) —

%~ 0.000116R + 2.24t7°215] (5)

where i, is the corrosion current density
[uA/cm?], C, is the total chloride content [kg/m? of
concrete] at the reinforcement location, which is
determined from 1D nonstationary transport, T is
temperature at the depth of reinforcement [K], R,
is the ohmic resistance of the concrete cover [Q]
[11] and t is the time after the initiation [years]
with

R¢ = exp[8.03 — 0.549In(1 + 1.69C,)] (6)

4 Cracking of concrete cover

The cracking of concrete cover for chlorides can
be estimated from DuraCrete model which
provides realistic results [5]. The critical
penetration depth for corrosion of steel X is
formulated as:

Xcorr,er = A1 +a, & + a3ft,ch (8)
where parameter a; is equal to 7.44e-5 [m],
parameter a, is 7.30e-6 [m], a; is -1.74e-5
[m/MPa], C is the cover thickness of concrete [m],
dp, initial bar diameter [m], and f. is the
characteristic splitting tensile strength of concrete
[MPa].

5 Spalling of concrete cover

The critical penetration depth of corroded steel
Xeorrsp fOr chlorides is calculated from DuraCrete
model [5] as:

w—w,

Xcorr.sp = b + Xcorr,cr (9)

where parameter b depends on the position of the
bar (for top reinforcement 8.6 um/um and bottom
position 10.4 um/um), wy is critical crack width for
spalling (characteristic value 1 mm), w, is the
width of initial crack (from mechanical analysis).

After spalling of concrete cover, corrosion of
reinforcement takes place in direct contact with
the environment. The rate of corrosion of
reinforcement after spalling is given by
aggressivity of environment [12].

6 Validation of the models

The above-mentioned models are implemented in
software [13], using multi-physics approach for
mechanics and transport. It predicts induction
time and extent of corrosion for chloride ingress,
and calculates remaining steel area. This yields a
realistic estimation of the induction time, the
propagation period and an estimation of service
life, even considering the spalling of concrete
cover. The mechanical behavior and concrete
cracking is simulated using the fracture-plastic
model [13]. The presented chemo-mechanical
model is validated on several engineering
structures suffering from chloride ingress, e.g. the
Nougawa bridge, Japan a concrete strut of a
prestressed bridge in Prague, Czech Republic. The
model is capable of predicting durability due to
chloride ingress with regards to intrinsic/extrinsic
factors and it opens a path for performance-based
design.

6.1 The Nougawa bridge, Japan

The Nougawa bridge was built in 1930 in a
Japanese coastal area. The bridge is three span
reinforced concrete structure with the total length
131 m. Due to high chloride presence in air and
fast corrosion after 30 years from its erection the
bridge had to be repaired by mortar. In 2006 (80
years after the construction), two beams from the
bridge were cut out and further investigated
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(Figure 3). In the mid-spans, the concentration of
chlorides and the loss of reinforcement were
evaluated. Carbonation depth was almost zero
everywhere. Due to that fact, the assessment of
chloride ingress was performed only.

Figure 3: The validation beam from the Nougawa
bridge [15]

The longitudinal reinforcement of beams had
diameter 25.4 mm, stirrups 9.5 mm and the
concrete cover was 47 mm.

First, the bridge was mechanically loaded by the
self-weight and the corresponding design life load.
The following material parameters of the beams
were assumed: the compressive strength 26 MPa
and Young’s modulus 25 GPa. Cracks up to 0.3 mm
emerged due to loading. Figure 5 shows the
calculated deflection and the reinforcement
arrangement.

Second, the surface of the beams was exposed to
chlorides with the following parameters: D,y =

P2 for
validation

1.2e-7 m*/day, tp.es = 3650 days, Meees = 0.37, tomcocss
= 10950 days, C; = 0.014 kg/kg on ocean side
(beams 8,9) and C, = 0.011 kg/kg on bottom
surface (beams 2,5), Cl..;; = 0.004 kg/kg, a; = 7.44e-
5m, a,=7.30e-6 m, a;=-1.74e-5 m/MPa, f, ., = 3.5
MPa, wy = 0.001 m, pitting corrosion R, = 3,
corrosion rate after spalling 30 um/year. Those
parameters were mostly estimated from
DuraCrete model [5].

The chloride concentration on longitudinal
reinforcement at 80 years is depicted in Figure 6.
Figure 4 validates chloride concentration in the
point P2 at 80 years of service.

14
12

1 9
0.8 2
0.6

Validated P2
0.4

Cl concentration [% kg/kg]

0.2

0
0 20 40 60 80 100

Distance from the surface (mm)

Figure 4: Evolution of chloride concentrations for
beams 2, 5, 9 in 80 years

Figure 7 shows evolution of reinforcement area
including patching of concrete cover. Predicted
reinforcement area of 64% agrees well with the
measured value of 62.5%.

Figure 5: Deformed shape of the bridge section with the reinforcement model, bottom view of the model
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Figure 7: The Nougawa bridge, the evolution of reinforcement loss at point P2 in 80 years

6.2 Concrete strut of the pre-stressed
bridge, the Czech Republic

The state of the pre-stressed concrete bridge X-
567 in Prague was evaluated after 32 years of
service life. The total width of the bridge is 12 m,
the bridge is built as a precast frame with spans of
14 + 36 + 14 m. The reinforced concrete strut
marked in Figure 8 is regularly attacked by
chlorides from de-icing salts. Its bottom part was
analysed to assess reinforcement corrosion due to
presence of chlorides.

Figure 8: View of bridge with the analyzed strut

Concrete of the struts was classified as class
C40/50. An estimated composition yields CEM |
42.5 350 kg/m® and water content 180 kg/m>. The
strut is reinforced by vertical bars with the
diameter 32 mm and the concrete cover 35 mm.
The surface of the strut was exposed to chlorides
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with the following parameters: D,; = 1.37e-7
m’/day, tpes = 3650 days, Meesr = 0.37, tmeoess =
10950 days, C, = 0.017 kg/kg, Cl.;; = 0.004 kg/kg,
a; = 7.44e-5m, a, = 7.30e-6 m, a; = -1.74e-5
m/MPa, fi., = 3.5 MPa, w, = 0.001 m, pitting
corrosion R., = 2, the rate of corrosion after
spalling of the concrete cover 30 um/year.

Figure 9 shows the geometry and chloride
exposition of the modeled strut. Figure 10 - Figure
12 show the comparison of calculated and
measured data. It came out that the sound
concrete without cracks would yield excessively
long induction time, therefore, hypotheses of

L

crack widths 0, 0.05 and 0.1 mm were tested.
Figure 11 demonstrates those scenarios.

The most realistic assumption favours crack width
of 0.05 mm. In this particular case, the corrosion
of reinforcement starts after 18 years, followed by
spalling of 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%. 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
Figure 12.

Surfaces loaded by chlorides

@

Figure 9: The geometry of the bridge strut and assigned chloride surfaces load
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Figure 10: Chloride distribution in the depth of the bridge strut for the surface concentration of 1.7%
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Figure 11: Chloride concentrations at the reinforcement depth, concrete cover = 35 mm
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Figure 12: Reduction of the reinforcement area during service life
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7 Conclusions

The paper focuses on reinforcement corrosion due
to chloride ingress. Implemented models in ATENA
software allow the simulation of the most
important degradation events during the service
life of a structure, i.e. induction time, time of
concrete cover cracking, time of concrete cover
spalling and direct corrosion of reinforcement and
reinforcement loss rate. The models take into
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account diffusion acceleration due to cracks in the
structure.

The present models can be extended for SLS, ULS
or probability analysis, while assessing load-
bearing capacity of a structure in dependence on
the state of reinforcement corrosion.
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Abstract

Chloride ingress in reinforced concrete structures is the main cause for the corrosion of reinforcing
steel. This paper presents chemo-mechanical material models up and beyond induction period,
taking into account concrete mix design, supplementary cementitious materials, concrete cover,
effect of cracking, and environmental conditions. The 1D model of transient problem of chloride
ingress is extended for crack effects, which accelerates propagation. Fracture—plastic constitutive
model is used for the modelling of externally induced cracks. The influence of cracks is significant,
e.g. crack width 0.3 mm decreases the induction time approximately five times when compared to
intact concrete. Once the end of the induction period is reached, progressive corrosion stage takes
place. The corrosion current density ic, is used for calculating time of concrete spalling due to
chlorides. After concrete spalling, reinforcement is subjected to corrosion without any protection.

The above-mentioned models are implemented in a finite element software, using multi-physics
approach, i.e. combining transport and mechanical analysis. They predict induction time, extent of
corrosion for chloride ingress, and calculate remaining steel area. The presented chemo-
mechanical approach is validated on several engineering structures suffering from chloride
ingress, e.g. Nougawa bridge, Japan, or concrete strut of a prestressed bridge in Prague, Czech
Republic. The present models are applied for ULS analysis, while assessing load-bearing capacity of
a structure in dependence on the state of reinforcement corrosion.

Keywords: Chloride ingress, induction period, reinforcement corrosion, service life, durability



