Assessment of the effect of GFRP on the corrosion of steel reinforcement in
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Introduction
Reinforced concrete (RC) is the most popular construction material and it is used all over the world [1] as the
essential element in most structures existing today. Its exposure to aggressive chemicals, like chlorides and sulfates,
present in natural, urban and industrial environments, creates conditions for attack of the rebars and decrease of the
structure performance [2-4], cracking, delamination and spalling [1, 5, 6, 7] that are common symptoms of
reinforcement corrosion.
Due to these reasons, the construction field is looking for new materials, with new proprieties, often previously used
in other technical applications. One type of such materials very attractive for application in concrete constructions is
the fiber reinforced polymer (FRP). On such applications, a large number of studies have been made that show
advantages of FRP application, such as increase of axial compressive load capacity in columns, improved flexural
and shear load carrying capacities, increased ductility and improvement of seismic performance [8-13] all depending
on adequate design. In beams, the increase of flexural strength, shear strength, torsional strength and fatigue
resistance have been reported, e.g. in [8, 10, 14, 15, 16].
In addition, FRP is a product of easy installation, high chemical resistance, while having a minimal architectural
impact [11]. Therefore, it has been used in the rehabilitation of several structures in USA, Japan and Europe [10].
Concerning the ability of the FRP to slow down the corrosion onset and corrosion activity in steel reinforcement,
scarce work can be found in literature.
This article gives a contribution to the study of the corrosion of reinforcing steel when concrete is covered by glass
fiber reinforced polymer (GFRP) in the presence of chloride ions. The electrochemical behavior was studied by
electrochemical impedance spectroscopy in GFRP protected samples and in reference samples. Additionally, the
effect of the water-cement ratio was evaluated.

Experimental

The concrete specimens have a cylindrical geometry with two ribbed steel bars that were used as electrodes. Two
different water-cement ratio mixtures were used, namely W/C=0.50 and W/C=0.56. GFRP wrapped in half of the
samples. The GFRP sheets were impregnated with resin and their application around the concrete cylinders was
manual, by wet lay-up process. The basis of the specimens was coated with two epoxy resin layers. The specimens
tested in this work are depicted in fig. 1. After cure, the specimens were partially immersed in 3% NaCl-solution,
which intends to simulate sea water.

Two types of electrochemical methods were used, open circuit potential (OCP) monitoring and electrochemical
impedance spectroscopy (EIS).
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Fig. 1 — Samples: (a) without GFRP, (b) with GFRP.
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Results and Discussion

The OCP variation of the steel bars show for the reference specimens without GFRP, values around -450 mV with a
slow decay to even more negative values as seen in Fig. 2. This suggests that in the early stages, the corrosion
process is already active or the high concrete saturation induces cathodic polarization phenomena, which can shift the
potential towards more cathodic values. In the case of specimens with GFRP until the end of the measurements, the
OCP values are in the range 0 to -200 mV, indicating passive state of the steel rebars.

The results evidence the physical barrier effect provided by the GFRP coating that hinders the ingress of aggressive
chloride ions from the media, while the hydration process in concrete take place. Therefore, the GFRP coating acts as
an additional physical barrier, which strongly delays the access of chlorides and corrosion onset.
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Fig. 2 — OCP evolution of the four types of samples.

The EIS results reveal significant differences between the concrete samples with and without GFRP. On the other
hand, the EIS spectra present identical behavior for the samples with different wic ratio.

The magnitude of the impedance modulus in the Bode plots evidence a progressive capacitive slope decay over the
time in samples without GFRP, while for the GFRP samples the capacitive slopes are kept constant. The Bode plots
also reveal an increase of the overall resistance for the samples coated with the GFRP.

Different equivalent circuits were used. In the samples without GFRP, a high frequency relaxation process could be
detected and at later stages, when the corrosion process is in an advanced state, the simulation of the spectra requires
a component to model the diffusion processes arising from charged species moving across the corrosion products
layer.

The simulations made of the measurements along the time allowed to know the evolution of the concrete resistivity.
For the samples without GFRP, the values are quite stable, being around 1500 Q.cm in the 5 months of immersion.
For the GFRP samples, the values obtained in the early days of immersion, are several times higher, being around
19000 Q.cm, with a slightly trend to increase with the time due to the concrete hydration.

The presence of GFRP creates a barrier that delays electrolyte uptake, which is reflected in increased resistance.

The simulations also revealed the values of charge transfer resistance (table 1).

Table 1. — Evolution of charge transfer resistance with time of immersion.
W/C=0.50 W/C=0.56

Days GFPR Ro | Qo]
3 Without 1.2x10° 2.5x10°
With 6.7x10° 2.3x10°
45 Without 6.5x10° 5.2x10°
With 5.5x10° 2.3x10°
143 Without 7.0xlo: 9.0x102
With 8.5x10 3.2x10
220 Without 8.2x10: 8.4x102
With 8.6x10 1.3x10

The samples with GFRP in the two different W/C ratios showed a stable charge transfer resistance along time, with
an order of magnitude of 10° Q.cm?. This reveals the maintenance of the passive state all over the immersion period,
in good agreement with the OCP results. In the samples without GFRP, after 45 days of immersion, all the samples
show values below 10, After 5 months of immersion, these samples show stable charge transfer resistance values.
Given the low values there is intense corrosion activity at the rebars.

The correlations between the charge transfer resistance values and the capacitive region slopes are in agreement with
the correlations obtained in previous works [17]. For values between 10° Q.cm”and 10° Q.cm’ the slopes are between
-0.6 and -0.8 and for values <10° Q.cm? the slope are < -0.6.



The corrosion current density can be calculated and with this value it is possible to estimate de corrosion rate in
mm/yr. The values of the corrosion rate after 5 months of immersion show that the presence of GFRP, has reduced
the corrosion rate more than 200 times. This trend clearly illustrates the barrier effects and the delay of the corrosion
processes in concrete samples coated with GFRP.

Conclusions
Concrete rebars exposed to 3% NaCl solution, when not coated with GFRP show a fast corrosion onset and increase
of the corrosion activity. For this type of samples, the open circuit potential variation is not conclusive, because it
becomes affected by polarization effects of the cathodic process.
For the samples without GFRP no differences could be noticed for the different w/c ratios.
The GFRP samples revealed open circuit readings characteristic of the passive state, which was confirmed by the EIS
measurements. The increased resistivity of these samples highlights the barrier effect of the GFRP layer that hinders
the uptake of the NaCl solution.
Consequently, the concrete hydration processes can proceed, further increasing the concrete resistivity, decreasing
the penetration of aggressive ions and promoting electrochemical stability of the reinforcing steel.
The presence of GFRP could reduce for more than 200 times the corrosion rate of the reinforcing steel when concrete
samples with and without GFRP are compared.
The GFRP layers act as a physical barrier that contributes for the maintenance of the passive state of the rebars and
for its reduced electrochemical activity.
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