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Abstract: This study analyzed an atmospheric corrosion sensor using strain measurements (ACSSM)
with an active dummy method for corrosion product experiments. An initial compensation thermal
strain experiment was performed with elapsed time. Further analyses used dry-wet environments
with salt water spray to investigate the thickness reduction performance of the corrosion product on
low-carbon steel samples. The ACSSM with an active dummy method accurately measured signals
induced by the specimen thickness reduction, despite the noise in the signal. Moreover, the effects of
corrosion products on the signal were discussed.
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1. Introduction

Because corrosion damages materials in structures located outside, studies on atmospheric
corrosion processes have received special attention from researchers. Morcillo et al [1] studied the
nature of corrosion products, the mechanisms, and kinetics of the corrosion process, the morphology
of steel rust, and long-term atmospheric corrosion monitoring. Song and Saraswathy [2] reported
on methods and durability problems for monitoring corrosion in reinforced concrete structures.
Wen et al [3] studied carbon steel corrosion products and their classification, effects on subsequent
corrosion processes, and the dependence of the initiation, growth, and transformation processes in H2S
environments on such products. Ahmad [4] investigated reinforcement corrosion in concrete structures
including the mechanism of reinforcement corrosion, techniques for monitoring reinforcement corrosion,
and methodologies to predict the remaining service lifetimes of structures.

In addition, many researchers have developed sensors to detect atmospheric corrosion using
radio-frequency identification (RFID) sensors [5–7], passive wireless sensors [8], corrosion potential
sensors [9], optic sensors, fibre Bragg gratings (FBGs) [10–15], atmospheric corrosion monitoring (ACM)
methods [16,17], and atmospheric corrosion rate monitoring (ACRM) techniques [18].
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Several techniques for atmospheric corrosion monitoring, such as weight and thickness loss
measurement [19–22], electrochemical impedance spectroscopy (EIS) [23–25], microscopy and scanning
electron microscopy (SEM) [26,27], and X-ray diffraction (XRD) [28,29] have been established
as necessary.

A strain measurement method using strain gauges for in situ corrosion monitoring was proposed in
our previous study [30,31]. However, precise monitoring was difficult because the strain measurement
method was very sensitive to temperature drift. Thus, a highly accurate in situ method for monitoring
atmospheric corrosion remains necessary. The strain-measurement circuit using the active dummy
method for an atmospheric corrosion sensor based on strain measurement (ACSSM) with strain gauges
accommodated such temperature drifts and showed good performance in the situ monitoring of
specimen thinning under corrosion, as measured by galvanostatic electrolysis [32–34]. However, for
actual applications, experiments with dry-wet method [35–38] to investigate the performance of the
corrosion product/rust under strain behavior.

This study conducted experiments with the dry-wet method by applying a 5% NaCl solution to
test pieces in order to investigate the performance of ACSSM via the active dummy method. Thickness
changes, obtained from the weight loss of the specimens, were monitored simultaneously. Based on
the experimental findings, the performance of the ACSSM and the effect of corrosion products on the
signal were discussed.

2. Methods

2.1. Concept of the ACSSM

According to [30,31], the strain on the compressive surface of a low-carbon (mild) steel test piece
under a bending moment can be expressed by:

ε = −h/2ρ (1)

where ε is the strain in the test piece (×10−6 ε), ρ is the radius of curvature of the test piece (mm), h is
the test piece thickness (mm), and dθ is the center angle of curvature of the test piece. Figure 1 shows
the mechanical principle for the ACSSM sensor in normal and bent conditions. Figure 1a shows the
condition of the test piece without thickness reduction. When the test piece thickness is decreased by
corrosion, as shown in Figure 1b, being thickness change of the test piece ∆h, using the assumption
ρ >> h,

(
ρ− h

2

)
= ρ, the change in strain (ε) can be expressed as:

∆h = 2ρ∆ε (2)

Equation (2) is the fundamental equation to determine the thickness reduction of the test piece
from the strain measurement in ACSSM.

2.2. Concept of the ACSSM with an Active Dummy Circuit Method

To observe the thickness reduction by corrosion of the test piece based on the strain measurement,
accurate measurement is necessary, because the thickness reduction of the test piece in a short time
period is generally ≤5 × 10−6 m.

Environmental factors, such as temperature variations, during measurement affect not only the test
piece and sensor, but also device elements such as the operation amplifier, causing measurement drift.

Therefore, to observe small thickness reductions caused by corrosion, the active dummy circuit
method was proposed. In this study, the active dummy method consists of not only active and dummy
sensors but also active and dummy circuits for strain measurement. Figure 2 shows the concept of
ACSSM with an active dummy method. The active output (εA) of an active gauge of an active circuit
included the drift of the sensor from environmental factors. Therefore, the dummy output (εD) of the
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dummy gauge of the active circuit was used to eliminate the effects of environmental factors during
the measurement.

The output of the dummy circuit is the difference between the outputs of active and dummy
strain gauges; to eliminate the drift from the circuit itself, the output of the dummy circuit was used.
The strain (∆ε) was finally obtained as the difference between the output of the active and dummy
circuits with the difference circuit. In the study, two active and two dummy strain gauges were
employed to enhance the resolution of the measured strain.
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2.3. Design of the ACSSM with an Active Dummy Method

As mentioned above, two active and two dummy strain gauges were employed. The gain of
the strain measurement circuit using the gain resistor (RG) of 4 Ω with the active dummy method
was 12,500. The relationship between the voltage and strain in the master curve was measured [31].
Using the RG of 4 Ω, relationship between the strain and voltage was linear, following the equation
∆ε = –11 + 27 ∆V, where ∆V is the output voltage of the strain measurement circuit before it is
converted to ∆ε. The slope of the equation was used to convert the output voltage of the circuit to
strain, which was 27 × 10−6 ε for 1 V.
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2.4. Experimental Setup for Dry-Wet Measurement by ACSSM

The test piece of the sensor is 95 mm in length, 45 mm in width, and 0.5 mm in thickness, made of
low-carbon steel, has a corroded area of 1350 mm2, as shown in Figure 3. The ACSSM device comprises
a base and cover with ρ = 430 mm, as in reference [30]. The test piece is placed in the apparatus and
the edges of the test piece are fixed.
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Figure 3. Test piece and apparatus for atmospheric corrosion sensor using strain measurements
(ACSSM). The test piece is inserted in the apparatus, which consists of a base and cover with the
corroded area measuring 45 mm in length and 30 mm in width.

Eight strain gauges were attached to the back side of the test piece in the configuration as shown
in Figure 4. The two active gauges (RAA) of the active circuit were attached beneath the corroded area
and two dummy (RAD) gauges of the active circuit are attached beneath the uncorroded area. In the
dummy circuit, four strain gauges (RDA and RDD), equal to the number of strain gauges in the active
circuit, were used and attached beneath the non-corroded area.
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∆ε between εA and εD is used to evaluate the thickness reduction from the corrosion. The strain
measurement circuit having an active circuit, dummy circuit and differential circuit [31] were fabricated
by authors. As strain gauge, FLA-5-11 (Tokyo Sokki, Tokyo, Japan), the ACSSM were used. The input
voltage of bridge circuits of active and dummy circuits was 3 Volt.

Figure 5 shows the experimental set-up of the dry-wet condition using strain gauges. The data
logger GL7000 (Graphtec, Yokohama, Japan) monitors the output voltage from the active, dummy, and
differential circuits every 10 min and measures the temperature simultaneously with a thermocouple.
Using the relationship between strain and voltage given in Section 2.3 and the relationship between
strain and thickness using the mechanical calculation in [15], ∆h = 0.86 ∆ε × 10−6 m, ∆h is obtained
with Equation (2).

In the experiment, a 5.0 wt % NaCl (salt) solution is periodically applied to the test piece in the
sensor under dry-wet conditions. The experiment is performed in two stages: the initial measurement
before spraying the salt solution to investigate the compensation of environmental factors, and the
dry-wet condition with sprayed salt solution. To discuss thickness reduction based on the strain
measurement, several specimens of test piece material as coupon were prepared and periodically
sprayed with 5.0 wt % NaCl solution. The test piece and coupons were sprayed once a day using
around 3.75 mL of 5.0 wt % NaCl solution.
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3. Results and Discussion

Figure 6 shows the experiment results under dry-wet condition using ACSSM for 15 days before
salt solution is applied. The results indicate the effects and the compensation of environmental factors
on the signal. The εA follows the temperature signal of the test piece (TTP) and has the same tendency
as the εD. TTP varies over approximately 0 to 20◦C for εA around 100 × 10−6 ε; the drift is 5 × 10−6 ε/◦C.
Despite using the active and dummy strain gauge method. Meanwhile, ∆ε is more constant around
25 × 10−6 ε with a drift of is 1.25 × 10−6 ε/◦C. This corresponds to a 75% decreased in drift from
environmental factors. The ACSSM measurement system with the active dummy circuit method is
therefore robust against environmental factors, such as temperature variations, during measurement.
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are applied.

Figure 7 shows the results of dry-wet exposure with ACSSM. Three stages are observed in the
result. Stage I is the initial condition for 15 days before spraying with salt water. This stage is shown as
Figure 6. Stage II is the condition after spraying salt water, in which corrosion products are generated.
∆ε shows a negative trend, indicating that the test piece thickness is increased by the corrosion
products. Stage III is the condition of further corrosion progression, which causes thickness reduction
by corrosion of the corrosion products. ∆ε shows a positive trend. According to Equation (2), this
indicates that the test piece thickness is decreased by corrosion, including that of corrosion products.
As the corrosion of the test piece continues after salt-solution spraying, the variations of ∆ε become
large. It happened because of corrosion progress, two RAA under the corroded area and the two RDD

under non-corroded area show different behavior, although these show the same behavior in Stage I.
Compared to RDD, RAA under the corrosion product react slowly to temperature variations, because
the corrosion product functions as a thermal insulator. Therefore, the difference in the balance of the
measurement system bridge circuit is large, yielding a larger variation of ∆ε.
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∆ε is converted to ∆h, and ∆h is applied by a moving average analysis using intervals of 200
data sets to obtain the signal more clearly without deleting the trends of each stage. Moreover, ∆h is
moved to zero value become ∆hoffset (10−6 m). The result is shown in Figure 8. Simultaneously, the
test piece results are obtained, and the thickness reductions of the specimens calculated by the mass
loss are indicated in Figure 8. The thickness reductions show good correlation that measured with
ACSSM. However, the evaluation errors between the result measured with ACSSM and the thickness
of specimen as shown in Table 1 were 14.5 × 10−6 m. This error is calculated using the average of the
last four data points from each method.
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Table 1. Error calculation between ACSSM and test specimens.

∆hw (10−6 m) ∆hoffset (10−6 m) Error (10−6 m)

54 68 14

75 90 15

88 111 23

105 111 6

Average 14.5

Figure 9 shows photograph of the evolution of the corrosion product on the test piece for 83 days.
After spraying salt solution, the corrosion of the test piece progresses. These pictures are similar to the
appearance of the specimen surfaces at the same times.

Although ACSSM can measure only the thickness reduction of the test piece, a schematic of the
mechanism of corrosion behavior measured with ACSSM was illustrated. It is shown in Figure 10.
Stage I is the initial stage, with no corrosion product on the surface of the test piece and constant ∆ε.

In stage II, a tight corrosion product would be generated. ∆ε shows a slight decreasing tendency
because of this tight corrosion product, indicating that the test piece thickness would be increased
by the tight corrosion product. The increased thickness of the test piece measured with ACSSM is
approximately 43 × 10−6 m for 25 days. In stage III, the corrosion of the test piece would yield a
porous structure with continued corrosion, and the test piece thickness is decreased because the porous
structure of corrosion product receives bending moment. The thickness reduction of the test piece
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measured with ACSSM is approximately 111 × 10−6 m in 43 days. As shown above, the monitoring
with the ACSSM needs sufficient time after stage III to measure thickness reduction of the test piece.Metals 2019, 9, x FOR PEER REVIEW 8 of 11 
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4. Conclusions

An ACSSM with an active dummy method, proposed by authors, was used for experimentation
with the dry-wet method in long-term monitoring. The conclusions of this study are as follows:

• In stage I of the experiment, ∆ε had a relative constant signal, with drift decreasing from
5 × 10−6 ε/◦C to 1.25 × 10−6 ε/◦C under temperature variations.

• In stage II, ∆ε showed a negative trend, indicating the increased thickness of the test piece
measured by ACSSM. This was attributed to the tight corrosion product formed on the test piece
measured by ACSSM.

• In stage III, showed a positive trend because the produced corrosion product was porous.
The accuracy of h was determined from the thickness reduction of the coupons. Thus, ACSSM can
be used for atmospheric corrosion monitoring in the field.

• The sensor applies for atmospheric corrosion, for general corrosion. The sensor can be measured
the strain that has relation with the thickness of test piece and finally we can calculate the corrosion
rate. The local corrosion condition in the test piece of the sensor affects the accuracy of the
corrosion rate estimation. This problem might be considered in a future study.
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Nomenclature

ρ Radius of curvature of the test piece (m)
h Test piece in thickness (m)
ε Strain in the test piece (-)
dθ Centre angle of curvature of the test piece (o)
∆h Change of thickness of the test piece (m)
h’ Test piece in thickness due to the corrosion (m)
εA Strain of active circuit (×10−6 ε)
εD Strain of dummy circuit (×10−6 ε)

∆ε
Difference in strain in the test piece due to the corrosion (×10−6 ε) Difference in strain between εA and
εD (×10−6 ε)

E Young’s modulus of the test piece (Pa)
σy Yield stress of the test piece (Pa)
VIN Input voltage for bridge circuit (V)
RAA Resistance of active gauge for active circuit (Ω)
RDA Resistance of dummy gauge for active circuit (Ω)
RAD Resistance of active gauge for dummy circuit (Ω)
RDD Resistance of dummy gauge for dummy circuit (Ω)
∆V Different output voltage of active and dummy circuit (V)
TTP Temperature of test piece (◦C)
TTPM Temperature of test piece after applied moving average analysis (◦C)
∆hw Actual thickness from weight analysis of coupons (×10−6 m)
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