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The aim of this paper is to describe the coupled effects of chloride ingress and static loading on the evolution of
corrosion of steel reinforcement in concrete. A new corrosion test was adopted to accelerate the non-uniform corrosion
of the steel. Finite element analysis was used to investigate the influence of coupled chemo-mechanical processes on
corrosion expansion stress of the concrete cover. As is shown by the results, the half-cell potentials of steel
reinforcement in the reinforced concrete specimens decreased with increase in the number of wetting-drying cycles and
the applied static loading, which cause the steel reinforcement to be more prone to corrosion attack. Owing to the
coupled action of chloride ingress and static loading, non-uniform distribution of corrosion activity on the steel
reinforcement increased significantly. The finite element simulations showed the existence of static loading increased
the maximum stress on the concrete cover, which increases the susceptibility of concrete cover to corrosion-related

expansion cracking.
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1. INTRODUCTION

The deterioration of reinforced concrete (RC)
structures due to the corrosion of steel reinforcement is one
of the most critical durability concerns in the world [1-3].
The volume expansion of corrosion product leads to the
existence of tensile stress in the concrete around the steel
reinforcement, which causes the cracking of concrete cover
and reduces the durability of the RC structure.

Considerable research work has been carried out on
the corrosion evolution of steel reinforcement in RC
structures. Zhao [4,5] adopted nano-indentation
techniques to determine the elastic moduli of corrosion
products. A Gaussian function was used to model the
distribution of the non-uniform corrosion. Khan [6]
investigated the evolution of steel reinforcement corrosion
in comparison to corrosion crack width in a highly-
corroded RC beam. The experimental results were
compared with existing models established by Rodriguez
[7], Vidal [8] and Zhang [9]. With the rapid development
of numerical simulation techniques, finite element analysis
(FEA) has been widely used to simulate concrete cover
cracking due to steel reinforcement corrosion [10].
Guzmén [11] adopted an embedded cohesive crack 2D
finite element to simulate the cracking process of concrete
cover. By considering the influences of concrete
heterogeneities and the porous layer generated at the
rebar/concrete interface on the failure patterns, Du [12] and
Jin [13] established a meso-scale mechanical model and
method for the study on the failure behavior of concrete
cover. A non-uniform radial displacement distribution was
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adopted to simulate the corrosion expansion behavior of
the rebar.

The above-mentioned studies, however, focused
mainly upon the effects of chloride attack, yet the coupled
chemo-mechanical effect on the steel reinforcement
corrosion has not been thoroughly considered apart from a
few exceptions [14, 15]. The present paper describes the
corrosion characteristics of reinforced concrete under the
coupled effects of chloride attack and static loading, based
on the findings from laboratory tests and numerical
simulation calculations. A new corrosion test was adopted
to accelerate non-uniform corrosion of steel reinforcement
in the concrete. In order to reflect the effect of applied
static loading on steel reinforcement corrosion, the half-
cell potential and the degree of corrosion of the steel
reinforcements were measured. In particular, the
investigation studied whether there was any difference in
the corrosion characteristics of the steel reinforcement
under chloride ingress and under the coupled effect of
chloride attack and static loading. Finite element analysis
(FEA) was used to model the effects of non-uniform
corrosion-induced damage of reinforced concrete under
coupled chemo-mechanical action. The non-uniform
corrosion expansion of steel reinforcement in the finite
element model was simulated by using the thermal
expansion method.

2. CORROSION CHARACTERISTICS OF
STEEL REINFORCEMENTS IN RC BEAM
UNDER DIFFERENT WORKING
CONDITIONS

2.1. Materials

The cement used was Type 42.5 Portland cement
according to Chinese Standards GB175 “Common



Portland Cement”. The fine aggregate used was river sand.
The coarse aggregate used was natural gravel with a
maximum diameter of 20 mm. The mix proportion of the
concrete is shown in Table 1 and the designed concrete
compressive strength (measured on cubes) was 30 MPa.
Hot rolled plain steel bar of type HPB235 (with nominal
diameter of 10 mm) was used as reinforcement. The size of
the RC beam was 100 mm x 100 mm x 500 mm with a
cover thickness of 20 mm. A piece of stainless steel sheet
was placed in the centre of the specimen to act as the
cathode in the accelerated corrosion tests, as shown in
Fig. 1. The rust-removal solution was prepared by mixing
3 parts by mass of hexamethylene tetramine in 97 parts of
diluted hydrochloric acid.

Table 1. Mix proportion of the concrete, kg/m?

Portland cement | Water | Fine aggregate | Coarse aggregate
365 192 730 1095
Stainlefﬁl sheet
S /| P\ Lze0
. I
| 500 | 8| | 100
1 1

Fig. 1. Details of the tested RC specimen
2.2. Test procedures

RC beams under chloride attack, (specimens denoted
as BMC), and under the coupled effects of chloride ingress
and static loading, (specimens denoted as BMCL), were
prepared. After curing in a fog room (20 £2°C, 95 %
relative humidity) for 28 days, the specimens were
demolded and then used for the accelerated corrosion tests.

For RC structures, the corrosion of steel reinforcement
is often attributable to chloride attack, which is “localized”
non-uniform corrosion. In order to simulate the non-
uniform corrosion of steel reinforcement in concrete under
chloride attack, a new accelerated corrosion test was
adopted for this study, which can be considered in two
steps, namely, (1) the electro-migration step and (2) the
wet-dry cycle step [16]. Fig. 2 shows a schematic of the
accelerated corrosion test of an RC beam under chloride
ingress. A sponge, which soaks up the NaCl solution, was
used to keep the concrete wet and a stainless steel net was
attached to the sponge. The outside of the RC beam was
then wrapped with a plastic sheet to keep the moisture in
the sponge.

Firstly, the sponge was soaked with 5 % NaCl to make
the BMC specimen moist for more than 24 h. Then, the
stainless steel sheet embedded in the BMC specimen was
connected to the anode of a DC power source while the
cathode of the DC power source was connected to the
stainless steel net. A constant voltage of 30 V was applied,
as a result of which, the chloride ions were migrated into
concrete cover under the action of the electric field. After
that, a typical accelerated electrochemical corrosion test
was conducted. The steel reinforcement embedded in the
RC beam was connected to the anode of a DC power
source while the cathode of the DC power source was still
connected to the stainless steel net. Finally, a wet-dry cycle

was conducted immediately after the electro-migration
step. Each cycle involved 3 days drying and 4 days
wetting. During the wetting process, a current density of
200 uA/cm? was applied in order to accelerate the
Ccorrosion process.
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Fig. 2. Schematic illustration of accelerated corrosion test of RC
beam under chloride ingress

In order to reflect the coupled effect of chloride
ingress and static loading on RC beam, two BMCL
specimens were loaded during the accelerated corrosion
test by using a self-equilibrium loading frame. The loading
system was composed of a pressure transducer, loading
bolts, nuts, springs and a loaded steel base plate, as shown
in Fig. 3. The magnitude of the ultimate bearing capacity
of the RC beam was 29 kN, which was calculated
following the Chinese Standard GB50010 “Code for
Design of Concrete Structures”. The magnitudes of the
applied loads were 30 % and 50 % of the ultimate bearing
capacity respectively. The two RC beams were denoted as
BMCL-30 and BMCL-50.
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Fig. 3. Schematic illustrations of the loading frame

Half-cell potential measurement is widely adopted as a
non-destructive technique to obtain a qualitative indication
of the corrosion behaviour of steel reinforcement in
concrete structures [17, 18]. When every wetting-drying
cycle test was completed, the half-cell potential of the steel
reinforcement in the RC beam was checked using a Half-
Cell 200 Concrete Rebar Corrosion Tester. The criteria of
corrosion probability are shown in Table 2.

Table 2. Criterion for corrosion probability of steel reinforcement

in concrete
Half-cell potential, mV CSE Corrosion probability
> — 200 <10 %
— 200 ~ - 350 Uncertain
<-350 >90 %
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After the accelerated corrosion tests, the steel
reinforcements were removed from the concrete and were




washed by using the rust removing solution to remove
corrosion products, from which the corrosion mass loss
ratio of the reinforcement was calculated. The corrosion
mass loss ratio was calculated based on the original and
final masses, as is shown in Eq. 1.
5= "M . 100%, @)
mO

where S is the corrosion mass loss ratio; mg is the mass of
the uncorroded specimen (g); m: is the mass of the
corroded specimen after the de-rusting (g).

The corrosion morphology images of the steel
reinforcement were taken by using digital camera and the

pictures obtained were stored as 24-bit colour JPEG format.

2.3. Results

The half-cell potentials of steel reinforcements under
different working conditions are shown in Fig. 4. The half-
cell potentials of all the three specimens were observed to
decrease with increase in the number of wet-dry cycles.
Furthermore, the coupled action of chloride ingress and
static loading affected the half-cell potential significantly.
After a wet-dry cycle, the half-cell potentials of all the
three specimens were about — 300 mV, which meant that
the probability of corrosion on the steel reinforcement was
uncertain. However, after two wet-dry cycles, the half-cell
potential of BMC was still approximately — 300 mV, while
the half-cell potentials of BMCL-30 and BMCL-50 were
all around —-350 mV. With the further increase of the
number of cycles, the coupled effects of chloride ingress
and static loading on the half-cell potentials were
increasingly evident. This indicated that tensile stress did
make the steel reinforcement more prone to corrosion.
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Fig. 4. Evolving change of the half-cell potentials

The three typical images of local corrosion
morphology of steel reinforcement that are formed under
different working conditions are shown in Fig. 5. It is
observed from the figure that significant differences are
present amongst the three specimens. Under chloride
attack, some local corrosion pits were present on the
surface of corroded bars. The size of corrosion pits was
small and some of them were isolated, which indicated that
the corrosion rate was not very high and the non-uniform
distribution of the corrosion damage was relatively low.

While under the coupled effect of chloride ingress and
static loading a large variety of local corrosion
morphologies were generated on the surface of the
corroded rebars. These corrosion morphologies generally
had irregular shapes, sizes and orientations. Most of the
local corrosion morphologies overlapped or were

connected together. The degree of non-uniformity of
corrosion morphology on the BMCL-50 was higher than
that of the BMCL-30.
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Fig. 5. Corroded surface morphology of steel reinforcement
under different service conditions: a—BMC specimen;
b—BMCL-30 specimen; c— BMCL-50 specimen

Table 3 shows the corrosion loss mass ratio of steel
reinforcement under different service conditions. Under
chloride attack, the average value of corrosion loss mass
ratio was 5.11 % whereas under coupled conditions of
chloride ingress and static loading the corrosion loss mass
ratio of BMCL-30 and BMCL-50 were 5.80 % and 6.23 %
respectively, which was higher than that for the BMC
specimen. The average value of corrosion loss mass ratio
increased with increase in the applied load, which indicates
that the coupled chemo-mechanical process affected the
degree of corrosion on the steel reinforcement.

Table 3. Corrosion loss mass ratio of steel reinforcement in RC

specimens
Code mo, ¢ mi, g S Average value of S
BMC | Jhsarammao s o] OU%
BMCL0 75 oi T oot s o izm]  O%0%
BMCLSO s i gm0 [Soroe] 02"

2.4. Discussion

The results mentioned above showed that the presence
of a static load affected significantly the corrosion
characteristics of the reinforcement. Indeed, previous work
has shown that the pitting susceptibility and pitting
potential of steel reinforcement was dependent on the type
of load and the level of applied stress [19]. To evaluate if
constant load can cause the corrosion potential of the
carbon steel reinforcement to achieve less active values,



analysis was carried out by Ortega [20] to establish if
corrosion process on the reinforcements in concrete beams
took place under tensile stress and the corrosion potentials
were tested. The results demonstrated that the concrete
cover cracking provided greater availability of oxygen to
the steel reinforcement, increasing the formation of oxides
and allowing the steel reinforcement to achieve more
passive potentials. Besides, owing to the coupled action of
chloride ingress and static loading, the corrosion pits tend
to grow along the preferred orientation, which makes the
corrosion pit pattern more angular and the non-uniform
distribution of corrosion morphology on the reinforcement
increases significantly [3].

3. FINITE ELEMENT ANALYSIS OF NON-
UNIFORM CORROSION-INDUCED
DAMAGE IN REINFORCED CONCRETE

For RC structures exposed to a marine environment
the cracking of concrete cover often is caused by corrosion
of the steel reinforcement. As was shown in Section 2, the
coupled effect of chloride attack and static loading has a
significant influence on the corrosion characteristics of
steel reinforcement. The influence of coupled chemo-
mechanical processes on the corrosion expansion stress of
concrete cover has become a new focus for research. In
this section, the use of finite element analysis is considered
to investigate the issue.

3.1. Finite element model

Finite element analysis was carried out using
ABAQUS software and the model used is shown in Fig. 6.
The size of  finite element model was
100 mm x 100 mm x 500 mm, which was identical to the
tested RC specimen shown in Fig. 1. The cover thickness
was 20 mm and the diameter of steel reinforcement was
10 mm. The mesh was created using hexahedral elements
C3D8R, which were 8-node brick elements with reduced
integration. A fine mesh was used in the lower part of the
model in order to achieve accurate results. The material
parameters used in the FEA study are shown in Table 4.

Table 4. The material parameters adopted in numerical
simulation
Material Young’s modulus, GPa | Poisson’s ratio
Concrete 27 0.21
Steel reinforcement 200 0.30

The non-uniform corrosion expansion of steel
reinforcement was simulated by using a thermal expansion
method, which was controlled by the temperature
increment of the steel reinforcement (denoted as AT). In
this paper, AT was adopted as 60°C and the linear
expansion coefficient of steel reinforcement was assumed
to be 1.2 x 105/°C.

When the steel reinforcement is heated, concrete cover
will deform under the action of the thermal expansion.
Owing to the relatively thin concrete cover around the
corner reinforcements, the concrete cover produces non-
uniform deformation, as is shown in Fig. 7. It can be
observed from the figure that the deformation of concrete
cover is similar to the effect of non-uniform corrosion
expansion in an RC structure. Therefore, the thermal
expansion method can be used to simulate the effect of rust
jacking though in the process of numerical simulation, the
bond damage between steel reinforcement and concrete
cover is not considered.

Fig. 7. Deformation of concrete cover under the action of thermal
expansion

In order to simulate the coupled action of corrosion
expansion and static loading, the specimens were loaded
using the four-point bending method, as is shown in Fig. 8.
A total of three sets of models, which corresponded to
specimens BMC, BMCL-30 and BMCL-50, were
established, as are listed in Table 5.

le
PR

Fig. 6. Finite element model
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L

Fig. 8. Schematic illustration of the four-point bending method
Table 5. The models employed for FEA
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Model code Corresponding specimen Fy, KN AT, °C
Model-A BMC 0 60
Model-B BMCL-30 8.7 60
Model-C BMCL-50 14.5 60

3.2. Results

Fig. 9 shows the stress nephogram obtained from FEA
based on Table5. For Model-A, the coupled action of




corrosion expansion and static loading was not considered.
Damage sustained by the concrete cover is induced only by
steel reinforcement expansion. As is shown by Fig. 9 a, the
non-uniform distribution of the corrosion expansion (i.e.
oxide jacking) force was relatively low, which was
consistent with the results of the laboratory tests. The
maximum stress in the concrete cover was 5.05 MPa, while
for Model-B and Model-C, the coupled effects of steel
reinforcement corrosion and static loading leads to
significant  non-uniform  distribution of  corrosion
expansion, as is shown in Fig. 9 b and c. The most severely
damaged section lay in the middle of the models, which are
the ‘pure bending’ section of the models with the
maximum bending moment. The maximum stress of
concrete cover increased with the increase in applied static
load. Compared to the maximum stress of Model-A, the
maximum stress of Model-C reached 11.27 MPa.

3.3. Discussion

Corrosion expansion cracking susceptibility s
dependent on the stress on concrete cover. Once the RC
structure in marine environment cracks, chloride ions can
reach directly the surface of the steel reinforcement, in
which case, the reinforcement will corrode further. Under
the coupled chemo-mechanical action, the stress on the
concrete cover is higher than is the case under chloride
attack alone. The degree of corrosion is increased by the
coupled action, which can lead to a more severe cracking
of the concrete cover. The FEA results were consistent
with the experimental results noted earlier in this paper.

s, Max. Principal
(Avg: 75%)

+1.1780400 ‘
556+00
5.8880+00
-9.421e+00 ]
-1.2050+01
6430+01 )
2.0026+01
-2.3550+01
-2.709e+01
S, Max. Principal
(Avg: 75%)
+1.5866+01
+1.5310+01
+1.1780+01
~2.709e+01
S, Max. Principal
(Avg: 75%)
+1.586e+01
-2.3550+01
-2.7090+01

Fig. 9. Stress nephogram obtained from FEA based on Table 5:
a—Model-A; b—Model-B; c—Model-C
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4. CONCLUSIONS

This paper has presented the findings of an
investigation into the coupled effects of chloride ion
ingress and static loading on the corrosion of steel
reinforcement bars. A new accelerated corrosion test was
adopted to simulate the non-uniform corrosion of steel
reinforcements in concrete. The experimental results
showed that the presence of a static load affected the half-
cell potential and the degree of corrosion degree on the
steel reinforcement. Tensile stress can make the steel
reinforcement more prone to corrosion. Owing to the
coupled action of carbonation and static loading, the non-
uniform distribution of corrosion damage increased
significantly with increase in the applied load.

A finite element analysis model indicated that the
thermal expansion method was suitable to simulate the
effect of oxide jacking due to rust formation. The presence
of a static load increased significantly the maximum stress
on the concrete cover, which increased the susceptibility of
the concrete cover to cracking due to corrosion product
formation. The FEA results were consistent with the
laboratory test results obtained during this study.
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