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 Typical repair of reinforced concrete structures 
 showing corrosion damage involves removal of 
carbonated or chloride-contaminated concrete and 
subsequent retrofi lling with new concrete. Corrosion 
inhibitors that can be applied by spraying onto the 
concrete surface are an alternative. These products are 
relatively new and only limited long-term monitoring 
results are available. The combination of an inhibitor with 
monitoring of the corrosion behavior provides evidence of 
protection. This article describes long-term monitoring 
results of protected highway gallery columns in the 
Swiss Alps.

I
n 2002, corrosion researchers be-
gan an investigation of the use of 
a corrosion inhibitor to protect 
columns of a highway gallery in 
the Swiss Alps. Online monitoring 
was used in conjunction with the 
inhibitor to determine the eff ec-

tiveness of the program.

Protecting Steel in Concrete
T e combination of steel and concrete 

provides ideal corrosion protection for 
steel, since the alkalinity of the concrete 
in combination with water and oxygen 
causes the formation of a thin protective 
oxide fi lm on the steel surface (Figure 
1[a]). T is passive fi lm decreases the cor-
rosion rate of steel to virtually zero and 
increases the durability of steel-reinforced 
concrete structures to more than 100 
years. It is well known that such natural 
corrosion protection of steel can be com-
promised by chloride ions and other sub-
stances that penetrate into the concrete 
and diff use to the steel surface (Figure 
1[b]). In this case, signifi cant corrosion 
may occur, causing decreased load capac-
ity in the structure. Under certain condi-
tions, corrosion rates of up to 0.7 mm/y 
may occur.1 

Chlorides, often originating from deic-
ing salts, have caused signifi cant corrosion 
damage on reinforced concrete structures. 
Also, carbonation—the reaction of car-
bon dioxide (CO2) with concrete—may 
decrease the alkalinity of the concrete and 
activate corrosion. 

Typically, repair for such corrosion 
involves the removal of the carbonated or 
chloride-contaminated concrete, followed 
by retrofi lling with new concrete. Apart 
from the high cost, the often-required 
traffi  c-management measures represent a 
signifi cant problem. Hence, there is need 
for a repair method that allows for fast 
and cost-eff ective improvement of the 
structure’s corrosion condition. 

Use of Corrosion Inhibitors
Suitable products can be applied on 

the structure by spraying. Subsequently, 
the reactive component penetrates into 
the concrete, reaches a suffi  ciently high 
concentration at the steel surface, and 
interacts with the corrosion reaction, lead-
ing to a decreased corrosion rate. Ideally, 
the corrosion inhibitor even allows the 
repassivation of the steel surface. Unfor-
tunately, the mechanisms involved in the 
corrosion inhibition are not or are only 
partly understood. Generally, the corro-
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sion rate is decreased by the chemical 
bonding of the corrosion inhibitor to the 
steel surface, either by direct interaction 
with the electrochemical reaction or by 
modifi cation of the corrosion environ-
ment, leading to the repassivation of the 
steel surface.2 Since most of the corrosion 
inhibitors available on the market are 
relatively new products, their long-term 
effi  ciency is generally unknown. 

Care must be taken when using corro-
sion inhibitors as a repair strategy. T e 
reasons for this include the large number 
of products available, the importance of 
the correct application, the lack of funda-
mental understanding, and the sometimes 
controversial results following scientifi c 
investigation. T e use of the wrong prod-
uct under adverse circumstances may 
cause an insuffi  cient inhibiting action. 
T is may be dangerous, since the owner 
of the structure is not only making the 
wrong assumption for the expected life-
time of the structure, but may also miss 
the ideal time frame for repair work. 

Often the apparent correct application 
of a corrosion inhibitor is demonstrated 
by measuring the penetration down to the 
rebar. T is procedure, however, can lead 
to misleading conclusions. T e penetra-
tion of the corrosion inhibitor to the rebar 
does not necessarily mean that it actually 
reached the corrosion site and that it is 
interacting with the corrosion reaction. 
Another problem with this procedure is 
associated with corrosion inhibitors that 
consist of several components. If one of 
the components exhibits a high mobility, 
it will reach the rebar quickly and can 
readily be determined in its environment. 
In most cases, however, all components 
are required for the inhibiting eff ect. 

Hence, it is crucial that the application 
of the corrosion inhibitor be combined 
with a control of its effi  ciency. T is pro-
vides certainty to the owner that the du-
rability of the structure is indeed increased 
and the producer of the corrosion inhibi-
tor can be certain that the product has 
been properly applied. Additionally, a 
consumption of the corrosion inhibitor 
over time will be clearly detectable and 
the timing of a second treatment can be 

readily planned. T e need for corrosion 
monitoring of concrete structures has 
been recognized early and has led to the 
development of simple and robust sensor 
devices, which can be installed in the 
structure.3 According to most recent in-
vestigations, a reliable evaluation of the 
corrosion situation is only possible based 
on a continuous data acquisition. In many 
cases, the climatic and seasonal infl uences 
are too big to allow a reliable judgment 
based on single measurements performed 
at certain intervals. T e rest of this article 

presents the fi eld results of the combined 
application of a corrosion inhibitor and 
online monitoring. 

Experimental Procedures
A highway gallery column in the Swiss 

Alps was treated with an organofunctional 
silane-based corrosion inhibitor system 
called Protectosil† CIT. T e product was 
applied by spraying onto the concrete 
surface. To obtain an independent 

FIGURE 1

Schematic representation of the steel in concrete. a) Passivation of steel in presence of oxygen 
and water caused by the high alkalinity of the concrete. b) Activation of corrosion from aggressive 
substances.

Gallery Cianca Presella in the Swiss Alps with the treated columns. 

FIGURE 2

†Trade name.
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characterization of the effi  ciency, one col-
umn was not treated. T e sensor unit 
consists of single rebars 4-cm long and 
8-mm in diameter. T is sensor unit is cast 
in a cylindrical concrete member with a 
10-cm diameter, yielding a 10-mm em-
bedment depth of the sensors. T ese con-
crete members were treated with 2 M 
sodium chloride (NaCl) to activate cor-
rosion and then stored for four months at 
a relative humidity (RH) of 75%. Two 
days before the application of the inhibi-
tor, they were transferred to 40% RH. 
T en one sensor was treated in two ap-
plication steps, with the corrosion in-
hibitor yielding a surface coverage of 0.5 
kg/m2, while the other was left untreated 
as a reference. Subsequently, sensor units 
were exposed to 80% RH. 

All sensor units were installed on 
January 14, 2002, in columns of the gal-
lery Cianca Presella located on Highway 
A13 on the south side of the San Ber-
nardino Tunnel in Switzerland (Figure 2). 
T e columns are exposed to direct weath-
ering and deicing salts. T e two sensor 
units were installed in separate columns. 
Hence, any infl uence of the CIT on the 
untreated sensor can be excluded. Within 
the fi rst six months, no signifi cant diff er-

ence between treated and untreated sensor 
units was observed. Since the inhibitor 
was applied only on the sensor surface, no 
eff ect was possible on the cathodic oxygen 
reaction. T erefore, 0.5 kg/m2 of the cor-
rosion inhibitor, together with the treated 
sensor unit, was applied on the entire 
column on September 7 and 14, 2002. 

Results and Discussion
Because of their unique chemical 

structure, organofunctional silane systems 
can react with the concrete matrix and the 
steel surface.4-5 T e corrosion-inhibiting 
properties can be explained based on the 
adsorption/bonding on the steel surface 
and the hindering of the corrosion reac-
tion. T e adsorbed layer also strengthens 
the passive fi lm. T e small molecular size 
of this kind of inhibitor treatment permits 
a fast penetration into the concrete. T e 
chemical reaction with the concrete ma-
trix changes its wettability. Thus, the 
concrete becomes hydrophobic. While 
the surface is repelling liquid water, the 
concrete pores are not sealed. In contrast 
to surface coatings, the ability to transport 
water vapor is maintained. Moreover, the 
decrease in water uptake of the hydropho-
bic concrete virtually eliminates the pen-

etration of chlorides dissolved in the water. 
Hence, the effi  ciency of the corrosion in-
hibitor is based on several effects. The 
interference of the inhibitor system with 
the corrosion reaction on the steel surface 
can decrease the corrosion rate.4 Addition-
ally, the silanes decrease the water uptake 
and increase the electrical resistance of the 
concrete. 

Figure 3 shows the macro cell currents 
of the fi rst 15 months of the investigation. 
Readings were taken every hour for a pe-
riod of three years. Starting with low tem-
peratures in January 2002, the macro cell 
currents increased continuously in the 
warmer seasons. T is eff ect is caused pri-
marily by the increased electrical concrete 
conductivity because of the increase in 
temperature.  

In autumn 2002, the decreasing tem-
peratures resulted in a decrease of the cor-
rosion current on all the sensors. After the 
CIT treatment of the entire column, dif-
ferences in the evolution of the macro cell 
current of the treated and the untreated 
sensors could be seen. T e macro cell cur-
rent of the treated column decreased to a 
low value while that of the nontreated col-
umn remained on a higher level. 

To obtain a better comparison of the 
results and to estimate the eff ect of the 
macro cell currents on the loss in the cross 
section of the rebars, the currents were 
measured over time. From this charge, the 
mass loss of the sensors due to corrosion 
was calculated over time. Figure 4 shows 
the results for all data acquired to date.  

In autumn 2002, the corrosion rate fol-
lowed the decreasing temperature. After 
the application of the corrosion inhibitor, 
the dissolution rate of the treated sensors 
became smaller than that of the reference 
sensors on the nontreated column. In sum-
mer 2003, the corrosion rate of all sensors 
was smaller than in summer 2002. T is 
eff ect may be primarily from the extraor-
dinarily dry weather in summer 2003. 

In winter 2003/2004, an additional ac-
tivation of the sensors without protective 
treatment was observed, and during sum-
mer 2004, the sensors’ corrosion rate was 
comparable to that of summer 2002. Dur-
ing winter 2004/2005, the high corrosion 

Macro cell current during the fi rst 15 months of the investigation. Point “p” indicates 
repassivation and point “a” indicates corrosion activation.

FIGURE 3
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rate decreased and in one case, the behavior 
could even be interpreted as passivation 
(label “p” in Figures 3 and 4), which was 
followed by reactivation (label “a”). Overall, 
continuing corrosion on the untreated sen-
sors was observed. In contrast, the sensors 
in the column with the CIT treatment 
showed signifi cantly decreased macro cell 
currents. T e results could be partly inter-
preted as the re passivation of the sensors. 
T is repassivation was interrupted during 
summer 2005, when a slight increase in cor-
rosion rate occurred. 

Based on the measurements, it is not 
possible to explain the protection mecha-
nism in detail. T e treated and untreated 
sets of sensors showed a decrease in corro-
sion rate during the fall. T ere were diff er-
ences among the sensors, although the 
experimental set-up was identical. T is 
may have been caused by small statistical 
diff erences in front of the sensor surface. 
Possibly the decrease in the corrosion rate 
in the fall may have been a combination 
of the drying of the concrete during the 
summer and the decreasing temperature 
in the fall. Based on the obtained data, the 
general corrosion behavior was not funda-
mentally changed by the application of the 
corrosion inhibitor. Nevertheless, the ob-
served corrosion rates were signifi cantly 
smaller for the protected samples. Possibly, 
part of the inhibitor effi  ciency could be 
the inhibition of the water and chloride 
uptake and the resulting higher electrical 
concrete resistance. 

Although a conclusive explanation of 
the corrosion protection mechanism is not 
possible, the results of the online monitor-
ing show a measurable decrease in the cor-
rosion rate after the protective treatment. 
T ese results not only show that the prod-
uct is effi  cient and that it was properly 
applied, but also that the lifetime of the 
structure was increased. If the effi  ciency of 
the product should decrease over time, this 
will be refl ected in the corrosion rate of the 
sensors. 

Conclusions
T e variation of the corrosion rate due 

to climatic factors is signifi cant. Even the 
daily temperature cycles can cause a varia-

tion in the corrosion rate by a factor of 
three. Also, seasonal changes infl uence the 
corrosion behavior. Hence, it is not pos-
sible to judge the corrosion behavior based 
on single measurements. By means of on-
line monitoring, it is possible to obtain a 
reliable control of the external infl uencing 
parameters. For the owner of a structure, 
the use of new products or the application 
of existing products under severe condi-
tions off ers a risk, which can be minimized 
by online monitoring. T e corrosion pro-
tecting eff ect can be observed over time. 
Even the application of products where 
the inhibition mechanism is not yet un-
derstood in detail, or where the protection 
time is uncertain, can be applied in com-
bination with monitoring.

Based on the use of online monitoring, 
it is possible to draw some conclusions 
about the corrosion inhibitor used in the 
present investigation. It was demonstrated 
that the inhibitor led to a decreased cor-
rosion rate. Possibly, even repassivation 
took place based on the interaction with 
the product. 
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