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The goal of this study is to collect and validate relevant information on the degradation of
reinforced concrete exposed to aggressive environments, such as chlorides or sulfates,
for later incorporation in maintenance management systems compatible with the BIM
methodology (Building Information Modeling).

To achieve this, two simultaneous monitoring systems were used, one that allows
measuring the ionic resistivity of the concrete and another that measures the corrosion
potential and polarization resistance of the reinforcement. With the first monitoring
system, it is intended to monitor the changes occurring in the concrete at the level of
its ionic conductivity during the contamination process. The second system allows, at
a later stage of the concrete degradation process, to detect signs of corrosion of the
reinforcement inserted therein. Both systems provide readings at 10mm and 30 mm
depth measured from the face exposed to the action of the degradation agents.

The results obtained for chloride contamination show that the ionic resistivity of the
concrete tends to decrease with the progression of the chlorides in depth, leading
at a later stage to the corrosion of the reinforcement, which can be detected by the
reduction of corrosion potential. Also, the polarization resistance of the reinforcement
has been reduced when corrosion phenomena begin to develop in the reinforcement.
The results related to the sulfate attack suggest a mechanism that leads to the formation
of a barrier that prevents the progression of the attack in depth. The consequence of
this phenomenon is a reduction of the ionic mobility of the concrete, leading to the
increase of resistivity. This mechanism associated with the absence of mechanical
actions that force the progression of sulfates in depth inhibits the development of
corrosion processes of the reinforcement.

Reinforced concrete has been the most used structural material in the construction of
buildings and infrastructures over the last decades. Its durability depends on several
factors such as its design, execution and maintenance. Despite the high expectations

regarding its durability, reality shows that many structures show signs of premature
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degradation. This early degradation is an economic and social problem with strong
environmental implications, in particular due to the potential increase of waste gen-
erated by the need to carry out unplanned rehabilitation works or, in extreme cases,
the demolition of buildings [1]. One way to limit the consequences of early degradation
is to use maintenance management systems to monitor structures over time. With the
introduction of the BIM methodology, which allows the management of information
throughout the life cycle of the constructions from the project to the demolition phase,
new opportunities for the development of maintenance management tools are emerg-
ing. These new tools will allow to operationalize the exchange of information between
the different actors in the maintenance process, increasing the effectiveness of these
systems [2].

The management systems for the maintenance of reinforced concrete structures are
intended to assurance the conditions of structural safety, safety of use and durability. To
achieve these objectives maintenance management systems, lack objective information
to justify maintenance decisions that will be implemented over the life of the structure. In
the specific case of the durability of reinforced concrete structures, whose degradation
processes are generally slow but involve high rehabilitation costs, appropriate indicators
must be used to detect early and accompany these degradation phenomena [3].

The use of electrochemical parameters, such as ionic resistivity of the concrete or
polarization resistance and the potential of the reinforcement, has been proposed by
several authors to allow the monitoring of changes in the behavior of concrete and steel
[4], [5]. These parameters provide relevant information about the change in behavior
patterns of reinforced concrete, which can be used to determine the need to carry out

regular or preventive maintenance tasks appropriate to the situation.

Concrete is a porous material so it is subject to the effects of degradation phenomena
promoted by external agents, such as chlorides and sulfates. In the specific case of
reinforced concrete, the main consequence of concrete degradation is the corrosion of
the reinforcement. This phenomenon involves the loss of section and the increase of the
volume due to the products of the corrosion, creating internal stresses in the concrete
that lead to their cracking, and consequently to the acceleration of the degradation
process [6].

In this work the laboratory results of the monitoring of reinforced concrete elements
exposed to the action of chlorides and to the attack by sulfates are analyzed and
compared. It is intended to show how the degradation process of reinforced concrete

develops over time.
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The tests were developed in the laboratory using concrete samples with a volume of
400x300x150 mm3, reinforced with a mesh composed of three 10 mm diameter steel
rods in each direction, as shown in Fig. 1. The concrete used was a C30/37, with the
constitution indicated in the Table 1. The steel used was A400, with a 40mm coating
layer. In the upper face of the specimens was placed a box composed of acrylic plates

for placement of the contamination solutions.

Figure 1: Preparation of samples for concreting.

TABLE 1: Concrete mix.

Concrete mix Admixture (kg/m3)
Sand (0 - 2 mm) 302
Coarse sand (0 - 4 mm) 506
gravel 1 1016
Cement 340
Water 170

For monitoring, two types of electrochemical parameters measurement systems were
used, one to measure the ionic resistivity of concrete and the other to identify signs
of corrosion of the reinforcement by measuring corrosion potential and resistance of

polarization.

The ionic resistivity of a material allows us to understand the degree of ionic con-
tamination, which varies as a function of the mobility and the ion concentration. This
parameter is influenced by the sizes and the load of the ions, temperature, humidity
inside the pores and degree of external contamination. The Table 2 shows the relation-

ship between the resistivity and the risk of corrosion of the reinforcement.

The corrosion rate, which measures the kinetics of the corrosive process, is used

because it allows signaling the development of a corrosive process. This parameter is
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TABLE 2: Relation between the ionic resistivity of the concrete and the risk of corrosion of the reinforcement

71
Resistivity (kOhm.cm) Corrosion risk
R>20 Negligible
20>R>10 Low
10>R>35 High
R<5 Very high

obtained by the perturbation induced by the imposition of a continuous flow of electric
current. The Table 3 shows the relationship between this parameter and the risk of

corrosion of the reinforcement.

TABLE 3: Relation between corrosion potential and corrosion risk of reinforcement [8].

Potential of corrosion (mV) Corrosion risk
Ecorr >-200 Low (10 % risk of corrosion)
-200 > Egorr > -350 Intermediate corrosion risk
Eeorr <-350 High (90 % risk of corrosion)
Eeorr <-500 Severe corrosion

The polarization resistance is based on the determination of the slope of the polariza-
tion curve, between the Electric Potential (E) of the reinforcement and the Polarization

Intensity (1), according to the following expression:

E-E
R, = lim = = Pl
E_’Ecorr IE 2-3Aicorr (ﬁa + ﬁc)

()

The Fig. 2 shows the monitoring systems used for the ionic resistivity of the concrete

and for corrosion potential and linear polarization resistance of the steel.

Figure 2: Monitoring systems used - ionic resistivity of the concrete (left) and corrosion potential and linear
polarization resistance of the steel (right).

2. Chloride tests

For the contamination of the concrete samples a solution with 3% of sodium chloride
was used. The evolution of chloride penetration was controlled by collecting samples
of concrete powder at various depths throughout the test. After removal the concrete
powder was analyzed by X-ray fluorescence. In Fig. 3 the test samples that served as

the basis for these rests can be observed.
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Figure 3: Concrete samples subject to a 3% solution of sodium chloride.

2.2. Sulfate tests

In these tests a solution composed of 2.5% of magnesium sulfate and 2.5% of sodium
sulfate was used, as specified in ASTM C 1012-4 [9]. Control of the deep sulfate attack
was performed by extracting concrete powder at various depths. The powder obtained
was analyzed by fluorescence of X-rays, as in chlorides. In Fig. 4, the samples exposed

to the action of the sulfates are presented.

The test samples were exposed to the action of chlorides and sulfates. Fig. 5 and Fig.
6 show the in-depth and over time evolution of the contamination produced in the
concrete. The chlorides graph shows the penetration of the chlorides in the concrete
during the test. In the graph relative to the sulfates it is observed that there is an
increase of the concentration of these in the superficial layer throughout the process,
which effect is not reflected in depth.

In Fig. 7 the evolution of the ionic resistivity of the concrete over time can be observed
for the chloride and sulfate tests. Comparing the behavior of this parameter in the two
types of exposure it can be verified that there are two distinct tendencies. On the one
hand, the resistivity of the concrete exposed to chlorides tends to decrease throughout

the test, probably due to the ionic contamination produced by the penetration of the
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Figure 4: Concrete samples exposed to sulfate attack.
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Figure 5: Variation of chlorides concentration by depth over time.
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Figure 6: Variation of sulfate concentration by depth over time.

chlorides, which contributes to the increase of the conductivity of the environment.
On the other hand, in sulfate tests there is a tendency to increase resistivity, contrary
to the expected effect of increased conductivity due to ionic contamination. These
data indicate the existence of a mechanism that prevents the progression of sulfate

penetration into concrete.
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Figure 7: Behavior of the concrete ionic resistivity against the action of chlorides and sulfates.

Analyzing the graph of Fig. 8, which shows the behavior of the corrosion potential
of the reinforcement, it can be verified that the behavior of the reinforced concrete
exposed to the attack by sulfates is different from the behavior of the concrete subjected
to the action of the chlorides. In the sulfate test it can be observed that the corrosion
potential of the reinforcement presents a stable behavior at levels considered low risk
of corrosion. The graph on chlorides shows a stable behavior up to 400 days, at which
point a disturbance occurs which leads to the decrease of potential values to levels of

high risk of corrosion.
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Figure 8: Variation of the corrosion potential of the reinforcement against the action of chlorides and
sulfates.

Fig. 9 shows the variation of the linear polarization resistance throughout the tests.
The curve for chlorides shows a stable behavior up to 400 days, at which point a
disturbance appears that leads to the reduction of this parameter. Regarding the results
of the polarization resistance obtained in the sulfate tests, it can be verified that there

is a tendency for this parameter to increase over time.
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Figure 9: Variation of the polarization resistance of the reinforcement against the action of chlorides and
sulfates.

Analyzing the results obtained in the tests with chlorides, it can be verified that for

the different variables analyzed a behavior that can be divided into two phases. In a
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first phase the different parameters present stable values associated with a low risk of
corrosion of the reinforcement. After 400 days there is a disturbance in the different
parameters that leads to changes of the different values to levels that can be considered
of high risk of corrosion.

From the results obtained in the tests with sulfates one can verify the existence of a
stability or progression of the different parameters showing the existence of a low risk
of corrosion of the reinforcement.

These tests indicate the existence of a barrier effect that limits the progression
of the attack by sulphates. This effect according to lkumi et al. is produced by the
formation of a layer of magnesium hydroxide [10]. This mechanism associated with the
absence of mechanical actions that force the progression of sulfates in depth inhibits
the development of corrosion processes of the reinforcement. This phenomenon can be
observed through the graphs of corrosion potential and polarization resistance, whose

values remain stable throughout the test.

With the results obtained in these tests it can be concluded that the monitoring systems

used:

- make it possible to detect significant changes in the behavior of concrete and steel

over time;

- produce relevant information about the behavior of concrete and steel that can
contribute to strengthen the maintenance management systems.

Although the results presented by the monitoring systems are consistent with each
other and compatible with the concentrations of chlorides and sulphates in the concrete,
it is essential to have two or more sources of information that allow data to be crossed

to obtain robust conclusions.
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