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ABSTRACT

Degradation of concrete structures doe 1o corrosion of embedded seeel reinforcement is an
important problem with regards to durability and safety, with great economical consequences. One
method for corosion prevention is the application of corrosion nhibitors, Corrosion inhibitors can
be applicd as additives to new concrete during the batching process, or surface applied 10 existing
concrele structures. This paper gives an overview of existing sensor technologios, previews new
technologies, and proposes suitable methods for comosion monitoring and inhibitor efficiency
investigation on real structures. Many different sensor technologies have been developed, and new
ones are under research. Advantages and disadvantages of different corosion determination
approaches are also discusted. Half-cell reference electrodes, linear polarization sensors, localized
clectrochemical impedance spectroscopy sensors and macrocell cumrent sensors are based on
electrachemical principles. Non-electrochemical sensors work on physical principles such as the Hall
effect, magnetic flux leakage, magnetostrictive effect, eddy currents and on light modulation (Fiber
optic sensors). Fiber optic sensors have many advantages such as immunity to chemical
environments, long-term stability, and the ability to make distributed measurements of several
parameters with a single sensor. However, they are underdeveloped in the field of concrete
reinforcement commosion. Fiber optic sensors can measure corrosion directly, or indirectly by
measuring factors that influence the corresion process (pH value, C1' concentration, waler content in
concrete, C0:), and ean also detect cracks dus 1o cormosion.

Keywords: non-destructive test methods, electrochemical sensor techniques, non-electrochemical
sensor technigques
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INTRODUCTION

Cormosion of steel reinforcement i the main cause of deterioration in reinforced conercie,
adding significant costs to the repair of structures worldwide. Application of corrosion inhibitors
may be the best solution when concrete is exposed to chlorides from the environment, or when
concrete is prepared with chloride contaminated water or aggregates. The purposs of this paper is o
give an overview of existing as well as potential new sensor technologies, suitable for monitoring
cormosion and corrosion inhibitor efficiency. Based on working principles, comosion monitoring
techniques can be classified as electrochemical or non-glectrochemical, and having direct or indirect
methods. Direct methods measure comosion processes (comosion potential, macrocell current,
magnetic induction), while indirect methods monitor consequences or parameters that stimulate
cormosion (cracking, delamination, Cl' ion content, pH value of pore water), Sensor technologies for
cormosion measurement are presented in Tablde 1,

ELECTRO HEMICAL SENSOR TECHNIQUES
Embedded Reference Electrodes

The principle invelved in this method is appearance of an electrical potential berween
reinforcing steel and a reference electrode. The half-cell consists of a metal rod immersed in a
soluron of its own ions.

Dvifferent reference electrodes are commercially available. Pseudoreference mixed metal
oxide electrodes developed by Cescor consists of mixed metal activated titanium rod cast in porows
cement backfill (Figure 1). A new probe for taking true potential measurements when stray currents
are present was patented (Figure 2j [1]. The ERE 20-Embbedable reference electrode developed by
the FORCE institute uses a manganese dioxide electrode in a steel housing surrounded by an alkaline
gel [2] (Figure 3).  The advantages of these sensors are long-term stability and greater sensitivity
compared with ¢lassical potential mapping methods.

Austrian Engineer Biro Wietek manufactures a sensor in the form of wire wrapped around a
steel bar to be monitored (Figure 4). The potential between the steel and slectrode can be measured
using half-cell. This method is suitable for measurement of localized pining corrosion, which is
difficult for ordinary point sensors. [3].

Corrosion Macrocell Current Probes

Macrocell current technigue involves the measurement of galvanic current between carbon
steel and stainless steel electrodes. The sensor consists of electrodes placed at different depths. An
increase in current flow indicates the ingress of chloride ions. A zero resistance ammeter (ZRA) is
used to measure current flow between electrodes. Several macrocell sensor configurations based on
the same principle are commercially available (Figure 5). Probes for embedment into fresh concrete
are the Corrowaich probe produced by Germann instruments [2], Schiessel probes [4] and Force
Institute probes [5]. The expanding ring system {Figure 6) developed by M. Raupach is designed for
insertion into holes, which can be drilled into the concrete [6].
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Linear Polarization Sensors

In the linear polarization method, a potential scan is applied. The resulting current has linear
dependence versus the potential. Cormrosion currents are caleulated using the Stern-Geary equation
[7]. Different types of sensors are available on the market [8] (Figure 7).

The C-probe CPI00 is a combination of a Silverfsilver chloride reference half-cell and a
graphite counter electrode. The CORROATER BO0BO00T, manufactured using carbon steel, measures
corrosion rate of reinforcing steel in concrete. General Building Research Corporation of Japan
developed mini-sensors.

Electrical Resistance Method

This method is based on the principle that the electrical resistance of metal is inversely
proportional to its cross section. Resistance change measurements are made between the exposed
probe and the protected probe. As corrosion occurs, it reduces the cross section of the exposed probe
and resistance increases. This method is best suited for monitoring uniform corrosion and enables a
periodic monitoring of the comosion activity. The technique is very useful in scawater, underground
structures and industrial plants where chlonide atiack is severe [9].

The 650C Commosimeter concrete probe (Figure 8) consists of a steel electrode that measures
the decrease in resistance in the presence of corrosion, which is the base for calculating the

cumulative metal boss [10]).
NONELECTROCHEMICAL SENSOR TECHNIQUES
Acoustic Emission

Acoustic emission is the transient stress waves in a structure caused by the corrosion process,
which induce micro cracking in concrete surrounding [11]. The local area monitoring system (LAM)
was developed by suppont of the FHWA research program [12]. The LAM system (Figure 9) is
designed to monitor acoustic emission activities from defects on small areas of bridges.

Magnetostrictive Sensors

A magnetostrictive technigue is based on the principle that 8 magnetic material changes its
shape when subjected to a changing magnetic field. Deformation resulis in clastic waves, which
travel along the steel bar. Inversely, deformations in the magnetic material result in a change in
magnetic induction of the material and in the voltage in the reception sensor. The magnetostrictive
instrument (Figure 10) is composed of a transmitting sensor and a receiving sensor, which are
identical. Each of the two sensors consists of a coil that encircles the reinforced bar or strand and a
bias magnet that creates a bias magnetic field. The bias magnetic field is necessary because tested
material needs to be in o magnetized state. The output signals of the receiver are displayed on an
oscilloscope or a PC with an AD conventer.

Banels, Kwun and Hanley performed rescarch on the use of magnetostrictive sensors to

characterize comosion in the pre-stressed strands and reinforcing bars [13], The magnetostrictive
technique provides an effective way of inspecting the strands and reinforcing bars.
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Fiber Oplic Sensors

Fiber optic sensors (FOS) are the most promising technique under investigation today.
Generally FOS have many advantages when compared 1o other measurement methods. They have
long term durability, immunity 1o electromagnetic fields and to severe working conditions, such as
high and low temperatures, humidity, pressure, and chemically aggressive environments. The small
diameter of the optical cable (0.1 mm) makes it possible to embed FOS into the struciure. One
optical fiber can measure several different parameters at different positions. Working principle of
FOS is changing on some property of light = intensity, phase, polanization or wavelength. FOS are
able 1o indicate many parameters such as temperature, electromagnetic field, stress, vibration, strain,
chemical composition. Important parameters for cormosion monitoring are the pH value of pore water
in concrete, as well as C1 jon, waker, and inhibitor content.

FOS can be extringic or intrinsic, Extrinsic sensors use oplical fiber for guiding light to the
sensitive element and back to the detecior, Intrinsic sensors use oplical fiber as 4 sensitive element
[14] (Figure 11).

Water Content Measurement

Water content measurement using fiber optic sensors can be based on transformation of
humidity into strain measurement. The first sensor on this principle was developed &t Stratchlyde
Universaty. It contains a hydrogel layer and steel spiral around the fiber, which induces microbending
of the fiber (Figure 12), Microbending results in light intensity loss, By feeding in quick pulses of
light and monitoring the backscattered signal as a function of time, it is possible to measure humidity
at different parts of structure [15].

(1 lon Conieni Measuremeni

Indirect chlorde ion detection technique is based on the Fajan's method of chloride analysis,
with an improvement of using optical fibers for the light transfer from and to the sensing umit. A
broadband input light signal is passing through the optical fiber coil simated in the silver mitrate
solution. A chamber with the silver nitrate solution has a porous membrane at the 1op. The chioride
jons will migrate through the membrane 1o the silver nitrate solution. The chlonde ions react with
silver miiraie to form silver ehloride, with excess of silver ions. Silver ions adsorb onto the silver
chloride molecule surface resulting in a positive charge. As a result, the indicator dichlorfluorscein
changes color, which is detected by the optical sensor [16] (Figure 13).

pH Value Measurement

It is known that strongly alkaline environment promote the formation of a thin passive oxide
layer that protects steel reinforcement from corrosion. Cement paste has a pH value about 11.5. but
chloride ion diffusion decreases alkalinity, destroying the passive film, and corrosion occurs. So, pH
is an important indirect parameter for corrosion determination. The pH value fiber optic method can
be based on the evanescent ficld method. Evanescent field is a harmonic wave that penetrates o
cladding medium, when light passing through the optical fiber. The evanescent field is used to
selectively excite pH sensitive molecules in the cladding. As a result light intensity depends on the
pH value of the medium surrounding the fiber optic sensor. Dyes suitable for pH value
determination are pH sensitive cromopheres. Usage of different dyes makes it possible to identify a
wide varety of inorganic and organic chemical compounds [13].
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Direct corrasion detection

A direct optical detection of corrosion is also possible. A direct method can be based on the
principle that the color of steel changes when it cormodes, and if the optical sensor is placed directly
on the reinforced bar, the color of reflected light also changes. The fiber surface may be coated with
a substance reacting with the comrosion products.

CONCLUSION

Today many coffosion monitoring sensor lechniques based on different principles have been
developed. This is a field with great potential for research and development. Generally, sensor
echnologies are more advantageous io use than other handheld non-destructive techniques, because
they make continuous monitoring possible.  The sensor is placed near measured the quantity to
increase accuracy. The main disadvantage of sensor technigues is that point measurement can be
made only at particular positions. This may be improved with sensors able o make distributed
measurements.  Fiber optic chemical sensing methods are underdeveloped in the field of concrete
reinforcement corrosion and inhibitor efficiency investigation, but deserve attention.
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Table 1: Sensor technolopies for corrosion measurement in concrete

ELECTROCHEMICAL METHODS | NON-ELECTROCHEMICAL METHODS

Embedded reference electrokes Magnetostrictive sensors
Comosion macrecell current probes ACOUSIE SmIssion
Linear polanization sensors Fiber optic sensors

Electrnical resistance method

Heat shrimkable cover
Figure 1. Metal Oxide-Ti probe Figure 2. New developed probe

(% 35



Figure 3. Mg(); prohe Figure 4. Wire sensor

Figure 5. DNiTerent configurations of Macrocell current electrodes
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Figure . Expanding ring probe
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Figure 8. Electrical resisiance probe Figure . The local area monitoring system
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Figure 10, Principle of magnetostrictive method
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Figure 12. Principle of hydrogel humidity sensor
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Figure 13. Embeddable fiber optic sensor for the chloride jon concentration measurement
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