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The typical corrosion prevention method inside the steel upper box girder in a suspension bridge involves
the use of paints. However, in an effort to reduce environmental impact and cost, the suspension portion
of the Yeongjong Bridge, Korea utilizes dehumidification systems to control humidity and prevent corrosion
inside its box girder. Maintaining a uniform humidity distribution at the proper level inside the box girder
is critical to the successful corrosion control. In this study, the humidity and the resultant atmospheric corrosivity
inside the box girder of the Yeongjong Bridge was monitored. The corrosion rate of the steel inside the
box girder was obtained using thin-film electrical resistance (TFER) corrosion sensors. Time-of-wetness
(TOW) measurements and the deposition rates of atmospheric pollutants such as CI" and SOx were also
obtained. Classification of the atmospheric corrosivity inside the box girder was evaluated according to
ISO 9223. As a result, no corrosion was found in the upper box girder, indicating that the dehumidification
system used in the Yeongjong Bridge is an effective corrosion control method.
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1. Introduction

The Yeongjong Grand Bridge serves as the gateway to
both metropolitan Seoul and the Incheon International
Airport (Fig. 1). This two-story bridge is 4,420 m long.
A six-lane highway runs along the upper deck while a
four-lane highway and a double-track railroad run along
the lower deck. Along its span, the bridge utilizes three
different types of construction: a self-anchored suspension
bridge (550 m), a truss bridge (2,250 m), and a composite
Rahmen bridge (1,620 m).

Long-span bridges are generally expected to have a life-
time of at least 100 years, since they have been constructed
at an enormous expense and are invaluable elements of
social infrastructure.” For this reason, the main threats to
the reliability of the bridge should be minimized and con-
trolled throughout the whole lifespan of the bridge. One
of the threats to the safety of long-span bridges is
corrosion. The box girder of a long-span bridge is the su-
perstructure that possesses a larger area in comparison to
others. Due to the semi-closed nature of the box girder
structure, the penetration of water and salts into the girder
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is small. Hence, the corrosivity is relatively mild inside
the girder compared to the outside, which is exposed di-
rectly to the atmosphere. Vassie reported that if water
and/or moisture do not penetrate the inside of the box gird-
er, no internal coating of the girder is required.” Fujino
reported that the corrosion rate of steel inside a box girder
is as small as 0.003 to 0.3 um/y.3) However, once moisture
has penetrated the inside of the girder, dewdrops may form

Fig. 1. The Yeongjong Grand Bridge.
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on the surface of the steel members depending on the ex-
ternal temperature. These dewdrops result in the develop-
ment of rust layers. Therefore, the corrosion of the internal
surfaces of box girders is typically prevented using paint-
ing methods. These methods typically employ non-organic
zinc-rich primers and multiple layers of modified epoxy
resin paint.

Using paint to prevent corrosion in the box girder is
very expensive, both at the time of initial installation and
during post-construction periodic maintenance activities.
In response to the high cost of painting, a new corrosion
protection method involving the control of humidity inside
the box girder has been developed and applied throughout
the world.”*"” This new method prevents rust generation
by dehumidifying the air with drying machines. It is gen-
erally known that corrosion in an uncontaminated atmos-
phere does not take place if the relative humidity (RH)
in the vicinity of a steel structure is kept below about
60%.” The dehumidification system is more economic
than painting. A recent survey claims that the ratio of the
life cycle cost (LCC) of the dehumidification system com-
pared to that of the painting system ranged from 0.15 to
0.33.” The dehumidification system is also more environ-
mentally friendly, as it avoids the problems associated with
blasting and painting. It was for this reason that dehumidi-
fication systems were set up inside the box girder of the
suspension portion of the Yeongjong Bridge, which was
constructed in 2002.

In this study, the corrosivity of air inside an upper box
girder in the self-anchored suspension bridge, located at
the center part of the Yeongjong Bridge, was monitored
and evaluated using the methods described in ISO 9223."”
To prove the effectiveness of the dehumidification system
as a corrosion prevention method, the corrosion rate of
steel inside the box girder was obtained using thin-film
electrical resistance (TFER) corrosion sensors.

2. Experimental procedure

A schematic of the dehumidification system in the
Yeongjong Grand Bridge is illustrated in Fig. 2.

The main components of the system are:

* A sorption dehumidification unit with a fresh air intake
and moisture laden air discharge

» A fan unit which ensures circulation of the dry air in
the box girder.

* Ducting connecting the fan and dehumidification units.

* A pressure equalizing unit which keeps the air pressure
inside the box girder approximately equal to the external
air pressure.
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Fig. 4. Arrangement of Dehumidification System in Yeongjong
Bridge, (a) Top View, (b) Cross-sectional View.

The system is generally set to keep the RH at 40%.
This allows for sudden changes in temperature and also
includes a margin of safety below the maximum level of
60% RH. A total of six humidity sensors are located inside
the box girder as shown in Fig. 3. The circulation system
is designed for forward air flow through rough stiffeners
and fairings and return flow through the box girder as
shown in Fig. 4.

Two fundamental approaches to corrosivity classi-
fication were applied to evaluate the effectiveness of the
dehumidification system in the suspension part of the
Yeongjong Bridge. These two methodologies are based
on the use of atmospheric parameters and the direct meas-
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urement of corrosion rates. When used in a complimentary
manner, these two approaches can be used to derive the
relationship between the atmospheric corrosion rates and
the dominant corrosive parameters. The major benefit of
monitoring the atmospheric parameters is that the pre-
diction of corrosivity can be made in a relatively short
amount of time, minimizing experimental work. Environ-
mental data was collected inside the upper box girder, and
the air temperature and the RH were used to calculate
the time-of-wetness (TOW) as described in ISO 9223. This
procedure assumes that wetness occurs whenever the RH
is equal to or greater than 80% and the temperature ex-
ceeds 0 C. In addition, so-called "time-of-wetness (TOW)"
sensors were also installed to measure the real wetted time
of steel surface.'” Fig. 5 shows the schematic diagram
and the photograph of the installed TOW sensor. The sur-
face moisture deposited on the TOW sensor serves as an
electrolyte to generate a potential in a moisture-sensing
galvanic cell that consists of comb-type alternate electro-
des of Cu-Au. The spacing of two electrodes is about 200
um.

The deposition rates of chloride were assessed using
the "dry gauze" method.'”"” The following formula was
used to compare these deposition rates with the results
of tlllze): "wet candle" method described in the ISO stand-
ard:

Clyet candle = 2vCldry gauze (1)

The deposition rate of sulfur dioxide was determined
on alkaline surfaces 110 mm potassium carbonate impreg-
nated cellulose filter (Whatman 1441-110, ashes).w”ls) The
air samplers consisting of dry gauzes and alkaline papers
were placed onto the inner wall of box girder as shown
in Fig. 6.

Direct measurements of atmospheric corrosivity are
generally obtained using special methods such as "Classifi-
cation of Industrial and Marine Atmosphere (CLIMAT)"
devices. These devices are based on a wire-on-bolt test,
in which an aluminum wire is wrapped around a copper
or steel bolt.'”"” Similar test methods have been adopted
by ISO, but these tests require a long exposure period.
Another measurement approach using a simple corrosion
coupon exposure program can also be considerable. How-
ever, in a controlled environment where the corrosion rate
is relatively small, the additional weight loss could occur
during the removal of corrosion products from the coupon
in acid solutions. The corrosion rate can therefore be over-
estimated and unreliable in low corrosivity environments.
This is the expected situation inside the upper box girder
of the Yeongjong Bridge when the dehumidification sys-
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Fig. 5. (a) Schematic diagram, and (b) photograph of TOW sensors
(Al-Cu couple).
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Fig. 6. Schematic Diagram of Pollutants Collection System.
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Fig. 7. (a) Schematic Diagram and (b) Photograph of Fabricated
TFER Sensor.

tem is working well. Therefore, high sensitivity thin-film
electrical resistance (TFER) corrosion sensors were used
to obtain corrosion rates in this study. The thin films, with
a thickness on the order of a micrometer, were deposited
by DC magnetron sputtering of carbon steel onto a sintered
alumina plate in an Argon atmosphere. The TFER sensors
were fabricated using masking and etching in an aqueous
10% FeCls aqueous solution. Details of the fabrication and
physical characterization of deposited films, including
their application in TFER sensors, have been previously
reported.”” A schematic diagram and a photograph of
the fabricated sensor are shown in Fig. 7. The corrosion
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Fig. 9. Locations of Installed Sensors and Pollutants Collection
System (Top view).

rate of the TFER sensor is proportional to the value of
the cross sectional loss of the sensing element. However,
for the TFER sensor, it is reasonable to assume that the
change in resistance of the sensor is mainly proportional
to the change in the thickness, because the plane aspect
ratio (width/thickness) is as high as 132. This assumption
results in an error in the corrosion rate of about 3%.”"
The remaining thickness was determined by comparing the
measured resistance (R) to the initial resistance (Ry). The
slope of Ry/R vs. exposure time gave the rate of thickness
reduction, i.e., the average corrosion rate. The installed
TOW/TFER sensors, pollutants collection system and a
digital thermometer/hygrometer are shown in Fig 8.

A total of nine sensors and pollutants collection systems
were installed inside the box girder as shown in Fig. 9.
The responses of the environmental sensors and the TFER
sensors were monitored using data loggers and the pollu-
tant deposition rates were calculated after a six-month
exposure.
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Fig. 10. Temperature, RH and Potential difference in TOW Sensor
Distribution during Summer Season (a) Outside, and (b) Inside
Box Girder.

3. Results and discussion

Fig. 10 shows a typical temperature, RH and the poten-
tial differences in the TOW sensor measured inside and
outside the box girder during summer season for 450 h.
The temperature variation is similar in two cases. Howev-
er, relatively higher RH values could accelerate the corro-
sion process in outdoor environment. On the contrary, the
RH was kept below about 50% inside the box girder,
which could suppress the corrosion process to occur. It
is also noticeable that the difference in the response of
TOW sensors inside and outside. Outside the box girder,
the potential difference in the TOW sensor developed ac-
cording to the variation of RH, whereas the potential dif-
ference inside the box girder was kept zero throughout
the entire measurement period, which implies that no
moisture was deposited on the sensor surface.

Table 1 shows the environmental data measured inside
the box girder over a period of seven months from May
through November. Compared to the outdoor environment
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Table 1. Environmental Data of Test Locations (Average Values)

Cr SO, TOW
Sample No. DZI; (;S/g:;/lmr%te ISO categories Dflfl(;g;(});l/lmr%te ISO categories % ISO categories
1 0.562 SO 0.000 PO 0.06 T1
2 0.578 SO 0.000 PO 2.88 T2
3 0.622 SO 0.000 PO 2.23 T2
4 0.562 SO 0.000 PO 0.00 Tl
5 0.610 SO 0.000 PO 2.10 T2
6 (fairing) 0.650 SO 0.000 PO 2.73 T2
7 (fairing) 0.594 SO 0.000 PO 2.00 T2
8 0.602 SO 0.000 PO 2.96 T2
9 0.594 SO 0.000 PO 0.06 T1
10 (outside) 1.220 SO 1.502 PO 47.85 T 4

Table 2. Conosion Categories and Expected Corrosion Rates
for First Year of Exposure

Corrosivity Corrosion rates, Tcor,
categories (mm/y)

1 Teor = 0.0013
0.0013
0.0013
0.0013
0.0013
0.0013
0.0013
0.0013
Teor = 0.0013
0.025 < reor < 0.05

Sampling point

IA

Teorr

IN

Teorr
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Teorr

IA

rCOTT

IA

IA

rCO]T

IA

rCO]T

O |0 || NN |W[N|—

1
1
1
1
2 Teorr
2
1
1
3

—
o

(sample no. 10), the atmospheric environment inside the
box girder is significantly less contaminated by chloride
and SO». In addition, the TOW value (%) inside the girder
was low (ISO category T1). The corrosivity categories and
expected corrosion rates of carbon steel during the first
year of exposure, as determined per ISO standards, are
presented in Table 2. It is clear that the environment inside
the girder is less corrosive than the outdoor environment.
Fig. 11 shows the typical response of the TFER sensor
installed (a) inside and (b) outside the box girder. The
resistance of the TFER sensor installed inside the box gird-
er was nearly constant, whereas the sensor installed outside
showed a gradual increase in resistance, indicating the
progress of corrosion. The average corrosion rates ob-
tained from the slope of the response curves are 0.0004
mm/y and 0.03 mm/y, respectively. These measured corro-
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Fig. 11. Typical Responses of TFER Sensors, (a) Inside box
girder, (b) Outside box girder.
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(b)

Fig. 12. Corrosion Morphologies of TFER Sensors and Coupons,
(a) Inside, (b) Outside.

sion rates correlate well with those calculated according
to the ISO standard (Table 1). Fig. 12 shows the corrosion
morphologies of the sensors and the carbon steel coupons
installed together with the sensors. The sensors and cou-
pons installed inside the box girder showed no evidence
of corrosion, whereas those installed outside showed the
formation of a rust layer.

These results were also confirmed in the laboratory.
Testing was performed that simulated the wet/dry cycle
and other atmospheric conditions both inside and outside
the box girder. Fig. 13 shows the schematics and the ex-
perimental set-up of the laboratory tests. Using Table 1
as a guide, synthetic solutions simulating atmospheric
components measured inside and outside the box girder
were prepared and then sprayed into the test chamber. The
wet/dry cycle was controlled using a humidifier and a
d1yer.20) The TFER sensors were installed in the test cham-
ber and the response of the sensors was recorded. In addi-
tion, a 3.5% NaCl solution was also used for comparison.
Fig. 14 shows the response of the TFER sensors during
the laboratory experiment. Again, the results are very sim-
ilar to those of previous measurements, and the differences
in the corrosion rates are clear.

The results of all three experiments are summarized in
Table 3. The results correlate well with each other, and
there is a clear difference in the corrosion rate measured
with and without dehumidification. These results confirm
that the dehumidification system is a very effective corro-
sion control method. The corrosion inside the box girder
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Fig. 13. (a) Schematic Diagram and (b) Experimental Set of
Laboratory Tests.
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Fig. 14. Responses of TFER Sensors in Laboratory Tests.

is therefore expected to be negligible. Moreover, compared
to other indirect methods such as the ISO corrosivity as-
sessment, the direct measurement of the corrosion rates
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Table 3. Comparison of Results of Various Experiments

Corrosion Rate (mm/y)|Inside box girder|Outside box girder
ISO methods < 0.0013 0.025 - 0.05

TFER sensors in field < 0.0004 ~ 0.03

TFER sensors in lab tests ~ 0.0002 0.068

i,

Fig. 15. Corrosion Occurred in Hanger Rope Anchorage Section.
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Fig. 16. Schematic Diagram of Water Infiltration Mechanism
Through Hanger Rope Anchorage Section.

using TFER sensors yielded quicker and more reliable
results.

Even though the performance of the dehumidification
system is satisfactory, there is still a possibility of corro-
sion occurring inside the box girder. Fig. 15 shows an
example of corrosion that occurred at the hanger rope an-
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chorage sections of the bridge. In general, the hanger rope
is protected from corrosion by a galvanized coating and
epoxy painting. The coating materials are typically applied
to the inside of the hanger collar, and corrosion protection
tape is applied from the deck plate to the lock plate to
prevent the ingress of water from the outside (Fig. 16).
In spite of these preventative measures, the degradation
of the coating materials at the collar parts enabled the pen-
etration of outdoor water through the hanger rope anchor-
age into the box girder. This example helps illustrate the
need for continuous corrosion monitoring of bridges
throughout their lifespan. The TFER sensors provide a
very promising method for this preventative monitoring.

The Bridge Health Monitoring System (BHMS) is cur-
rently installed and operated in the suspension section of
the Yeongjong Bridge. Using this system, it is possible
to monitor the mechanical integrity of the bridge using
a variety of installed sensors, such as accelerometers, seis-
mometers, and strain gauges, etc. As a result of this study,
the TFER sensors were additionally installed in the suspen-
sion portion of the bridge and incorporated into the BHMS.
It is expected that these sensors will aid in early recog-
nition of corrosion problems and extend the service life
of the bridge.

4. Conclusion

This paper provides some novel corrosion monitoring
method for the upper steel box girder of the Yeongjong
Grand Bridge. The following observations and conclusions
can be drawn based on the experimental results of this
study.

1) With the use of a dehumidification system, the corro-
sion rate drops to negligible levels inside the upper steel
box girder in the Yeongjong Grand Bridge.

2) The results of corrosivity assessment based on the
ISO standards and the direct measurement of corrosion
rate using the TFER sensors confirms the reliability of
the dehumidification systems. In addition, it was found
that the TFER sensors are good methods for corrosion
monitoring inside the box girder.
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