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Abstract: One significant form of deterioration in weathering steel bridges is corrosion, and steel
requires water and oxygen to corrode. As a measurement method for the wetness time of the rust
layer on weathering steel, measuring electrical resistance has been proposed. In this research, the
fundamental data have been collected as preliminary considerations to develop this method of
measuring water retention in the rust layer. Based on the measurement of specimens, it is revealed
that measuring the exact amount of water retention is difficult because electrical resistance depends
on the thickness of the rust layer and the supplied amount of NaCl. Thus, the water retention ratio is
calculated by dividing the mass of the water-retained specimen by the mass of the full water-retained
specimen. These measurement results suggest a potential method for predicting water retention
ratio by measuring electrical resistance and rust thickness. The approximate water retention ratio is
predicted by plotting electrical resistance and rust thickness in the proposed diagram.

Keywords: weathering steel; water retention; electrical resistance; rust thickness

1. Introduction

Weathering steel is commonly used as a material for steel bridges around the world.
It is a low-carbon steel to which small amounts of copper, chromium, nickel, and other
alloying elements are added. Japan has about 720,000 bridges, and 40% of them are made
of steel. Out of these steel bridges, weathering steel is used for 9% of them. Weathering
steel does not require painting because it produces a protective rust layer by itself [1-3].
The production of the protective rust layer, however, can be impeded under severe
environmental conditions, such as high humidity, water leakage, and salt (NaCl) supply
from the sea or bridge surface, etc. Under these conditions, corrosion on weathering steel
bridges will be accelerated by the production of an abnormal rust layer, which leads to
the deterioration of bridges. To ensure weathering steel bridges are safe to use, attention
is being given to their maintenance.

Corrosion cannot occur or progress unless water and oxygen are supplied; there-
fore, in the case of weathering steel, detecting or measuring water or oxygen on the
surface of the rust layer leads to the detection of the corrosive area. So far, a detection or
measurement method for water on the steel surface has been proposed. As the measur-
ing method for the wetness of the steel surface, time of wetness (TOW) has been used.
1SO-9223 [4] defined TOW as the time period during which relative humidity is in ex-
cess of 80% and the temperature is above 0 °C. In addition, the Atmospheric Corrosion
Monitor (ACM) corrosion sensor is commonly used to evaluate the corrosivity of atmo-
spheric environments by calculating TOW based on the measured galvanic current [5-7].
The ACM sensors are attached to the surface of the target; thus, this method cannot
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directly measure the water inside the rust layer. Regarding weathering steel that is
unpainted, the protective or abnormal rust layer is expected to retain water and maintain
the wetness of the steel surface. For the measurement of wetness on the rust layer, the
electrical resistance measurement layer has been considered [8]. This method presents a
possibility for detecting the wetness time of the rust layer, but this method is not widely
spread. When water retention can be measured by non-destructive methods, this helps
to maintain weathering steel bridges by detecting the wetness area, i.e., the corrosive
area. It is also useful to check or predict the corrosion environment by measuring the be-
havior of the water retention ratio over the course of a day. When focusing on electrical,
non-destructive testing for steel corrosion, there are electrical methods for assessing the
corrosion rate of steel in concrete [9], monitoring corrosion processes in high-strength
steel in automotive applications with an electrical resistance sensor [10], and evaluat-
ing the rust layer itself with electric resistance probes [11], etc. Only a few attempts,
however, have been made to investigate the detection of water in the rust layer utilizing
electrical resistance.

The authors have previously conducted research to evaluate water retention in the
rust layer based on the electrical resistance measurement [12]. In this previous study,
we measured the electrical resistance of specimens by supplying them with different
water quantities. Supplying the same water quantity to specimens of different rust
thicknesses, it was found that specimens with larger rust thickness exhibited lower
electrical resistance. Thus, we concluded that it is, potentially, possible to evaluate the
water retention of the rust layer, based on the water quantity in the rust, by measuring
electrical resistance. There were, however, two challenges: the relationship between
electrical resistance and water retention is still unclear, and the effect of rust thickness
and the amount of supplied chloride was not sufficiently investigated.

Therefore, by developing this previous method, we aim to suggest a measurement
method for water retention in the rust layer of weathering steel by measuring electri-
cal resistance. To achieve this goal, in this research, the fundamental data have been
collected as preliminary considerations. First, the corroded weathering steel specimens
are prepared by corrosion acceleration test. Second, the relationship between electrical
resistance and water retention, which is measured by the mass of the specimens, is
illustrated with differences in rust layer thickness and the amount of supplied chloride.
In addition, a water retention ratio prediction diagram is proposed.

2. Materials and Measuring Methods

In order to measure the relationship between water in the rust layer and electric
resistance, weathering steel specimens of different rust thicknesses are provided by
a corrosion acceleration test. The specimen is 70 mm x 70 mm in size, and Figure 1
shows the corrosion acceleration test cycle, which involved repeatedly supplying NaCl
solution to each specimen and exposing it to wet and dry environments. An inverted
white triangle in Figure 1 indicates the water-supplying phase, in which tap water,
0.1 wt%, and 3 wt% NaCl solution is supplied to each specimen for the first 8 days. The
amount of supplied water is set as 40 L /mm? [13]. From 9-24 days, only the exposure
phase is repeated. This 24-day period is defined as one cycle, and this cycle is then
repeated. Rust thickness is measured by a coating thickness gauge (Elcometer 456). Ten
points are measured, then the average is calculated after the maximum and minimum
are removed. A list of the prepared specimens is shown in Table 1. In this study, the
specimens prepared by supplying them with tap water were not measured because
their rust thickness was less than 100 um. This cyclic test for the tap water specimens
has been continued, and measurement will be conducted after they have sufficient
rust thickness.
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Figure 1. Corrosion acceleration test cycle.

Table 1. List of the prepared specimens. These specimens are prepared for each rust thickness range
with two concentrations of NaCl solution supplied.

Rust Thickness 1,0 500 200-300  300-400  400-500  500-600  600-700  700-800 800900  Lotal Number
(um) of Specimens
0.1 wt% NaCl 5 1 6 3 - - - - 15
3 wt% NaCl 1 2 4 3 1 5 3 4 23

Figure 2 shows the electrical resistance measuring procedure. First, the specimen
is dried to an acceptable state by exposing it to a 50 °C temperature and 0% humidity
environment. When the mass of the specimen becomes constant, it is judged as being in a
dry state. Second, the mass of the specimen in a dry state is measured as the initial (Mip;sia1);
then, pure water is evenly supplied to the surface. After supplying pure water, the mass of
the specimen (Myet) is measured. Then, the specimen is exposed to a room environment
of about 25 °C temperature and 60% humidity. During this exposure phase, the mass of
the specimen, including water (My.t) and electrical resistance, are repeatedly measured
until the Myt becomes constant, which means drying the specimen. The mass of retained
water in the rust (Myetain) is calculated by subtracting Mipitia from each Myet. The distance
between the measuring sensor is set to 50 mm, and the electrical resistance is measured
as the average of a total of five times at one-second intervals. This method aims to be
non-destructive and it avoids affecting the existing rust layer measurement because the
sensor is set directly on the rust layer.

1. Measuring M, ;i 2. Supplying water 3. Measuring M, 4. Measuring the electrical resistance value

Repeat 3. and 4. steps

Figure 2. Electrical resistance measuring procedure.
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Electrical resistance is expected to be affected by the electrical conductivity of retaining
water. In this research, electrical resistance is measured by supplying pure water to the
specimens; therefore, the retaining water may contain NaCl, which is melted from the
specimens, so that measuring the exact conductivity or Cl concentration of the retaining
water is difficult. As noted, the electrical conductivity of tap water, 0.1 wt%, 1 wt%, and
3 wt% NaCl solution is measured. The results are shown in Table 2. In our previous study,
we also considered differences in the electrical resistance by changing the supplying tap
water or 0.1 wt% NaCl solution when measuring specimens of 100 um and 110 pm rust
thickness [12]. No significant differences in electrical resistance were registered in that
study; thus, it is not discussed in this one. The previous measurement, however, was only
conducted for specimens of a small rust thickness, so it needs further consideration.

Table 2. Electrical conductivity of tap water, 0.1 wt%, 1 wt%, and 3 wt% NaCl solution.

Tap Water 0.1 wt% NaCl 1 wt% NaCl 3 wt% NaCl

Conductivity [uS/m] 20 200 1700 4600
Temperature [°C] 241 241 241 23.8

3. Electrical Resistance and Retained Water
3.1. Comparison by Rust Thickness

The relationship between the mass of retained water in the rust (Myetain) and the
electrical resistance is shown in Figures 3 and 4. In each figure, specimens of four different
rust thicknesses are measured, and the results are plotted. As shown in Figure 3, in the
0.1 wt% NaCl solution-supplied specimen, the electrical resistance that remains is smaller
than 0.2 MQ and is flat when the Meain is 4.0 mg/cm? or higher. When the Metain
decreases to less than 4.0 mg/ cm?, the electrical resistance increases. This trend does not
depend on rust thickness in 100, 150, 210, and 305 pm specimens. As shown in Figure 4, in
the 3 wt% NaCl solution-supplied specimen, the Mietin decreases by less than 7.0 mg/cm?;
the electrical resistance increases in the specimens with more than 370 um rust thickness.

Figure 5 compares 0.1 wt% and 3 wt% NaCl solution-supplied specimens of similar
rust thicknesses. As shown in Figure 5a, at the point at which the electrical resistance
increases, the Myetain of the 0.1 wt% specimen is larger than that of the 3 wt% specimen at
150 and 175 pm rust thickness. Conversely, for 305 and 370 pm rust thickness, the Myetain at
the point of electrical resistance increase is larger in the 3 wt% specimen than in the 0.1 wt%
specimen. When comparing Figure 5a with 5b, for comparable M;etain Values, the electrical
resistance is larger in specimens with a large rust thickness.
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Figure 3. The relationship between the mass of retained water and the electrical resistance of 0.1 wt%
NaCl solution-supplied specimens with the vertical axis of: (a) 0 to 50 M(); (b) 0 to 4.0 MQ).
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Figure 4. The relationship between the mass of retained water and the electrical resistance of 3 wt%
NaCl solution-supplied specimens with the vertical axis of: (a) 0 to 50 M(); (b) 0 to 4.0 MQ).
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Figure 5. The electrical resistance comparison between 0.1 wt% and 3 wt% of: (a) 150 and 175 um
rust thickness; (b) 305 and 370 um rust thickness.

(a)

To estimate the water retention capacity of the rust layer, 0.2 M) and 1 M() electrical
resistances are employed as the threshold of the drying point. These thresholds are shown
in Figures 3-5 with dotted and dashed lines.

Figure 6 summarizes the Metain Of the drying point with each threshold, defined as
Mary 02 and Mg,y 1. The concentration of the supplied NaCl solution is also added to the
end of the suffix. The outlined and filled circle plots show a similar relationship between
rust thickness and Mg,y. This means that, regardless of the applied threshold for 0.1 wt%
NaCl-supplied specimens, the rust thickness increases as Mg,y increases. On the other
hand, for 3 wt% NaCl-supplied specimens, the Mg,y peaks at 370 um rust thickness, which
is in the middle range of measured specimens. This trend is indicated in each threshold.

3.2. Comparison by Amount of Supplied NaCl

In order to compare electrical resistance when the Mieain and rust thickness are the
same, but the concentrations of supplied NaCl solutions are different, these relationships are
summarized in Figures 7-9. As shown in Figures 8 and 9, there is no significant difference
when Myetain values are 5 mg/ cm? or 10 mg/ cm?. On the contrary, when the Mietain is
2mg/ cm?, as shown in Figure 7, the electrical resistance is different, even if the M;etain and
rust thickness are the same. This indicates that, although there is the same amount of water
retention in the rust layer, the electrical resistance differs when the concentrations of the
supplied NaCl solution are different.
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4. Prediction of Water Retention Ratio by Electrical Resistance and Rust Thickness

In view of Section 3, it is difficult to determine the exact amount of water retention by
measuring electrical resistance. The differences in electrical resistance in the same amount
of retained water are assumed to be due to how porous it is or how much NaCl solution is
contained in the rust layer, etc. In order to determine the corrosion acceleration or progress
level, it would be helpful to ascertain not only the exact amount of water retention, but
also the water retention ratio within the rust layer. Thus, a prediction method for the
water retention ratio within the rust layer, by measuring the electrical resistance and rust
thickness, is considered in this section.

4.1. Water Retention Ratio and Electrical Resistance

For calculating the water retention ratio of the rust layer, first, the mass of the specimen
filled with pure water is measured and defined as Mmax. Then, the water retention ratio is
calculated by dividing Myetain by Mmax.

Figure 10 shows the relationship between the water retention ratio and the electrical
resistance of 0.1 wt% NaCl solution-supplied specimens with 410 pm rust thickness. In
order to obtain the electrical resistance in each water retention ratio, in 10% increments, from
Rip to Rygp, an exponential trendline of the electrical resistance is calculated by graphing
software (Origin Pro 2022b). The equation is shown below:

y = aexp(x/p) 1)
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Figure 10. The relationship between the water retention ratio and the electrical resistance of 0.1 wt%
NaCl solution-supplied specimens.
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Figure 11 shows the exponential trendlines of the electrical resistance in 0.1 wt%
NaCl solution-supplied specimens with 210 and 315 um rust thickness, and 3 wt% NaCl
solution-supplied specimens with 275 and 620 pm rust thickness. Tables 3 and 4 show the
coefficient of determination (COD) for all measured specimens. As shown in Figure 11a,d,
the equation fits well with the measured electrical resistance. Conversely, as shown in
Figure 11b,c, the equation does not fit the measured values. Thus, the fit curve equation
leaves room for a variety of interpretations.
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Figure 11. The relationship between the water retention ratio and the electrical resistance of:
(a) 0.1 wt% specimens with 210 pum; (b) 0.1 wt% specimens with 315 um; (c) 3 wt% specimens
with 275 um; (d) 3 wt% specimens with 620 um rust thickness.

Table 3. Coefficient of determination (COD) for 0.1 wt% NaCl-supplied specimens.

Rust Thickness (um) 100 105 150 170 210 305 315 350 370 390 410 420
COD 0.95 0.93 0.90 0.88 0.95 0.82 0.31 0.83 0.76 0.82 0.60 0.83

Table 4. Coefficient of determination (COD) for 3 wt% NaCl-supplied specimens.

Rust Thickness (um) 175 260 275 320 330 370 450 475 525 620 650 670 760 780 820 890
COD 066 084 019 057 054 08 059 053 035 087 083 084 062 041 083 0.54

The relationship between electrical resistance and rust thickness, in the 10% wa-
ter retention ratio (Rjp), is shown in Figure 12. When focusing on a rust thickness of
less than 500 pm, the Rjg of the 0.1 wt% NaCl solution-supplied specimens increases
as the rust thickness increases. On the other hand, the Ry of the 3 wt% NaCl solution-
supplied specimens does not exhibit significant change in this area. At a rust thickness
of more than 500 um, the Ry of the 3 wt% NaCl solution-supplied specimens increases
as the rust thickness increases. When comparing the Rjg of the 0.1 wt% with that of the
3 wt% NaCl solution-supplied specimens, with comparable rust thickness, the Ry of the
3 wt% specimens is smaller than that of the 0.1 wt% specimens.

4.2. Electrical Resistance in Each Water Retention Ratio

As evidenced in Section 4.1, the electrical resistance in the 10% water retention ratio
depends on the thickness of the rust layer and the concentration of the supplied NaCl
solution. In order to predict the water retention ratio by electrical resistance, the elec-
trical resistance in each water retention ratio, from Ry to Rygg, is summarized with the
rust thickness.

Figure 13 shows the relationship between rust thickness and electrical resistance
for each 10% water retention ratio of the 0.1 wt% and 3 wt% NaCl solution-supplied
specimens, and it shows the respective approximate curves. These curves are calculated by
Equation (1), shown in Section 4.1.
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Figure 13. The relationship between rust thickness and electrical resistance for each 10% water retention
ratio of: (a) 0.1 wt% NaCl solution-supplied specimen; (b) 3 wt% NaCl solution-supplied specimen.

From Figure 13a, it is evident that electrical resistance increases as the water retention
ratio decreases. In addition, the electrical resistance, when the water content ratio is 30% or
more, is as small as 0-5 M(), regardless of rust thickness, and remains almost flat. Thus,
the symbols of 30-100% are overlapped and they are not shown in the figures. Conversely,
when the water content ratio is 20% or 10%, the electrical resistance tends to increase as the
rust thickness increases. Furthermore, as the water content ratio decreases, variability in the
electrical resistance increases. These characteristics are shown in Figure 13b. In comparison
with Figure 13a, Figure 13b shows that the electrical resistance in specimens of less than
400 um rust thickness is smaller than 10 M(), regardless of the water retention ratio. Thus,
the electrical resistance in each water retention ratio is affected by the concentration of the
NaCl solution supplied to the specimens, and it is more greatly affected in specimens with
small rust thickness.

4.3. Prediction of Water Retention Ratio

Figure 13a,b are summarized in Figure 14, which shows the relationship between
the Ryp, Ryp, and Rsp of 0.1 wt% and 3 wt% NaCl solution-supplied specimens and rust
thickness. The areas of electrical resistance in water retention ratios of less than 10%,
10-20%, and more than 20% are drawn in Figure 14b. When the rust thickness and the
electrical resistance are measured and then plotted on this figure, the water retention ratio
can be projected to be less than 10%, 10-20%, or more than 20%. This diagram is, however,
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Figure 14. The relationship between the Ry, Ry, and Rsg of 0.1 wt% and 3 wt% NaCl solution-
supplied specimens and rust thickness: (a) all data; (b) divided area of electrical resistance in water
retention ratios of less than 10%, 10-20%, and more than 20%.

5. Discussion

In this research, a method for predicting water retention ratio, by measuring electrical
resistance and rust thickness, is suggested. This method helps to maintain weathering steel
bridges by detecting wetness areas, i.e., corrosive areas, with non-destructive testing. It is
also useful in checking or predicting corrosion environments by measuring the behavior of
the water retention ratio over the course of a day.

As a trial, the electrical resistance and rust thickness of an actual weathering steel
bridge in Yamaguchi Prefecture, Japan, are measured. Figure 15a shows the entirety of
the bridge; Figure 15b shows the setup of the measurement equipment utilized on the
bridge. In this measurement method, temperature and humidity are also measured. The
measurements targeted a 70 mm x 70 mm area, and the distance between the measuring
sensor is set to 50 mm, replicating the measurements of the specimens. The electrical
resistance is measured once every five minutes for 12 h.

(b)

Figure 15. Pictures of the measured actual bridge: (a) entirety of the bridge; (b) setup of the measure-

ment equipment.

Figure 16 shows the measurement results. The average rust thickness in the measure-
ment area is 137 um. As shown in Figure 16, the electrical resistance started at around
30 MQ) and gradually increased to around 130 MQ). Then, there is a sharp increase point
at 8:00 a.m. From that point, the electrical resistance increased slightly to 350 M() and,
again, it sharply increased to 500 M} at 1:30 p.m. After 3:00 p.m., it rapidly dropped to
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about 120 MQ) over two hours. The humidity rapidly dropped at 8:00 a.m. and gradually
increased from 3:00 p.m. The temperature rose to a peak with a sharp increase at 8:00 a.m.
but, from 9:00 a.m. to 6:00 p.m., it registered a flat temperature around 10 °C. It is evident
that the electrical resistance becomes low when the humidity is high and the temperature
is low.

600 100
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’/

--=- + 90
80
70
60
50
40
30
20
10

0
6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time

B~ a1
[=3 (=3
(=) (=)

Electrical resistance [MQ]
]
o
Temperature and Humidity

Figure 16. Actual bridge measurement results for electrical resistance, temperature, and humidity.

When plotting the minimum and maximum electrical resistance results from the actual
bridge to the diagram, as shown in Figure 14b, both are plotted in the “water retention
ratio is less than 10%” area. From this result, it is clear that the measured area’s rust layer
has a small amount water, and this area can be assumed to be a low-corrosive environment.

With regard to the actual bridge, there is no known method for gauging the exact
water retention ratio. Thus, into the future, we will continue to provide specimens that
can measure the mass exposed at the actual bridge and measure it to confirm the accuracy
of this measurement method. It is worth noting that the electrical resistance measured at
the actual bridge is higher than that of the specimens. This variance may be caused by
differences in the amount of Cl in the rust layer, the cross-sectional structure of the rust
layer (i.e., how porous it is), or rust composition. In this study, analysis involving the
destruction of the specimens was avoided when repeatedly measuring electrical resistance;
however, the detailed information the study produced on rust layers should be analyzed.
To further understand the underlying causes, we will prepare specimens according to more
varied parameters, varying the concentration of the supplied NaCl solution as well as
rust thickness to measure electrical resistance. The cross-sectional observations and rust
composition analyses will also be investigated for these specimens. In addition, as shown
above, the temperature and humidity of the measurement environment caused differences
in electrical resistance. The effect of temperature and humidity will be further investigated
for the specimens and actual bridges as well.

Regarding the electrical resistance measuring results of the prepared specimens, it
dispersed, and the amount of data is still small. To reduce this dispersion, applying
the fixing method for the sensor, and measuring intervals, will be considered. In addi-
tion, more data will be collected to improve the accuracy of the water retention ratio
prediction diagram.

6. Conclusions

In this research, the fundamental data were collected as preliminary considerations to
develop a method for measuring water retention in the rust layer. Additionally, a prediction
method for water retention ratio in the rust layer was suggested, that of measuring electrical
resistance and rust thickness. The conclusions are as follows:

(1) Based on the relationship between electrical resistance and the mass of retained
water in the rust layer, it was found that electrical resistance increases as the retained
water decreases.
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(2) It was also shown that, for a comparable amount of water retention, the electrical
resistance decreases as the amount of NaCl supplied to the specimen increases.

(38) The water retention ratio defined in this research was calculated by dividing the mass
of the water-retained specimen by the mass of the full water-retained specimen. It
was found that the electrical resistance decreases as the amount of NaCl supplied
to the specimen increases, for the same water retention ratio. This trend aligns with
conclusion (2).

(4) Based on these measurement results, a water retention ratio prediction method for
measuring electrical resistance and rust thickness is suggested. By plotting the elec-
trical resistance and rust thickness to the suggested diagram, the approximate water
retention ratio is predictable.

(5) This diagram, however, still has a small number of specimen results, so its prediction
accuracy is only indicative of a general trend. To improve its accuracy, more data will
be collected.
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