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ABSTRACT

Steel structure members are widely used in modern constructions. Crucial structure members (i.e., the steel frame or
hoist in an oil platform) should be monitored frequently since deterioration of such members jeopardizes safety of
human and leads to economic loss. An active fiber optic sensor (FOS) utilizing the photoacoustic effect has been
proposed for actively generating surface ultrasonic waves. By combining this FOS with a FOS receiver, surface
corrosion detection of steel structures using ultrasound can be accomplished. In this study, surface ultrasonic wave
propagation behavior in intact and corroded steel rod was investigated using finite element method. Ultrasonic
waves (radial displacements) were collected by different FOS receivers and compared with each other. Spacing of
sensors were optimized based on the simulation results. A surface corrosion detection method for steel rod was

developed.

INTRODUCTION

Steel structure members are widely used in modern infrastructures. Crucial structure members (i.e., the steel frame
or hoist in an oil platform) should be monitored frequently since deterioration of such members jeopardizes safety of
human and leads to economic loss. Traditional damage detection or monitoring methods, such as ultrasonic testing
or eddy current, usually require bulky equipment. Moreover, engineers needs to be sent to site in order to practice
such methods.

An active fiber optic sensor (FOS) utilizing the photoacoustic effect has been proposed for actively generating
surface ultrasonic waves [1] [2]. By taking the advantages of small size of FOS, Zou [3][4][5] proposed using this
active FOS to detect surface corrosion of steel rebar. However, its application in steel rod requires an efficient
sensing scheme. The aim of paper is to develop a corrosion detection scheme for steel rod structures using such
active FOS. Finite element method (FEM) was applied for simulating surface ultrasonic waves propagation in steel
rod models. Four receiver locations were distributed on the steel rod model. Radial displacement response was
collected for detecting, locating surface corrosion. In this paper, FE modeling of intact and corroded steel rod
models is first described. Design of FE models and the characterization of artificial corrosion are provided. A
corrosion detection scheme is proposed based on the maximum net displacement response at locations of the fiber

optic photoacoustic receiver. Finally, research findings are discussed.

FINITE ELEMENT SIMULATION



To study the wave propagation in intact and corroded rebars, FE models were designed and used. An intact steel
model was created first with 705600 (linear hexahedral) C3D8 elements [6]. Fourteen corroded steel rod models
were created by introducing artificial surface corrosion to the intact model. The two ends of all models were fixed
and a sinusoidal pulse was applied at mid-span. Displacement responses at four locations were collected and

analyzed. FE modeling details are described in the following.
Material Property and Geometry
The intact model was made of steel, property of which is provided in Table 1. The steel rod model was a 50 mm

(1.97 in) cylinder with a diameter of 12.7 mm (0.5 in), as shown in Fig.1.

Table 1. Material’s properties

Steel Rust
Density (kg/m?) 7850 2610
Young’s Modulus (MPa) 210,000 500
Poisson’s ratio 0.3 03
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Fig. 1. Intact steel rod model

Artificial corrosion were introduced to the intact rod model in order to build corroded rod model. Material’s
properties were updated from steel to rust at corroded region. (The material of corrosion was defined as rust, as
shown in Table.1.) To characterize a corroded region, four attributes were defined: location L/, depth Iz, width /,, and
thickness lo, as shown in Fig.2. L' was a corroded region on the top of the rod; it was 5 mm away from the mid-span.
L? was located at mid-span. In the cylindrical coordinate system, the angle between L' and L* was 90° . Corrosion
size was quantified by three parameters: depth /.= 2 mm, width /, =2.2 mm, and thickness /,=2 mm of the corroded
region. The subscript indicates the axis on which the dimension describes. For example, I, describes length of a
corroded region on z-axis. (Note that the thickness /, of all corroded regions were fixed to 2mm.)

Two corroded rod models with different corrosion location were listed in Table. 2.
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Fig. 2. Corroded steel rod model

Table 2. Considered corrosion models

Model CR L 1,(mm) 1,(mm) I, (mm)
1 L! 2 22 2
2 L2 2 2.2 2

Boundary Conditions and Loading

On each side of the rod, 10 mm (0.39 in) of absorbing regions were applied, as shown in Fig.3. These regions were
created with absorbing layers using increasing damping (ALID)[3], and they serve as non-reflecting boundaries.
When elastic waves propagated into an absorbing region, they were damped out. The material property in these
regions is same as that of the core except additional damping. Each absorbing region contains 10 layers. The
damping value of these layers linearly increases from the interface between the core and absorbing regions, to the
fixed end.

Four receiver locations (A; wherei=0,1,2 or 3) were considered, as shown in Fig.1. In addition, a transducer was
located at A,. A sinusoidal pulse (as shown in Fig.3) was applied at A as input loading. Radial displacement in the

time domain, at these four considered locations was collected.
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Fig. 3. Loading function in the time and the frequency domain

Net Displacement Response



Net displacement response du; was defined as the differential displacement between intact and corroded model at A,

(corrosion locates at LY). It was calculated by Eq.(1).
—uint ()

where u/ = displacement response of a corroded rod model at A;, ;™ = displacement response of intact model at A,
and du; = net displacement response of the corroded rod at A;. To determine which pair is the best sensing scheme
for detecting corrosion, a characteristic parameter named indicator (I/) was proposed and defined as the normalized

maximum net displacement response at A;.

SIMULATION RESULTS

Net Displacement Response

Net displacement responses of each model were calculated using As an example, Figs.4 and 5 show net
displacement responses at all four locations for model CR1 and CR2. In order to evaluate the effectiveness of
locations A; in terms of detecting corrosion, maximum net displacement responses from model CR1 and CR2 are

summarized into Table 3. Note that the corroded region of model CR1 and CR2 has identical sizes.
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Fig. 4. Net displacement response of model CR1
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Fig. 5. Net displacement response of model CR2



Table 3. Maximum net displacement response (3u;),..

Transducer | Receiver Model CR1 (x10° mm) Model CR2 (x10°* mm)
A, A, 0.64 2.09
A, A, 305 133
A, A, 0.59 3.09
A, A, 0.94 0.97

Table 4. Indicator IJ of case 2 and CR9

Transducer Receiver Model CR1 (%) Model CR2 (%)
A, A, 0.8 493
A, A, 36.45 1592
A, A, 3.15 16.14
A, A, 8.74 9.01

Corrosion Detection

Evaluation of receiver locations for corrosion detection is achieved by comparing the maximum net displacement

response and indicator I;.

Corrosion detection -- Indicator I} at A, can be used to detect the presence of corrosion since it has high value
of the indicator in model CR1 and CR2. From the definition, any non-zero value of I suggests the appearance
of corrosion. However, the sensitivity of considered receivers changes for same levels of corrosion. In Table 4,
A, always has great values in both model CR1 and CR2.

Corrosion location -- For considered corrosion locations (L), the greatest net displacement response (duj),,, at
A, predicted corrosion located at L'; the greatest (8u}),,, at A, orA, predicts corrosion location at L2, It was
found that when the corrosion is between a receiver and the transducer, (8u}),,, of this receiver have the
greatest value against the values of other receivers. For example, in model CR2 and with a (8u}) ., value at A,,
corrosion was predicted to be located between A, (receiver) and A, (transducer). From Table 4, value of A, is
much greater than any other locations. Similarly, in model CR2, corrosion locates between A, (receiver) and A,
(transducer). (A, is also a receiver in this case.) In Table 3, (8u}),,,, of both A, and A, are greater than other
receivers.

In the frequency domain (see Figs.6 and 7), it was found that frequency response was affected more when
corrosion locates between the transducer and receiver. Corrosion locates between transducer and receiver has
less effect on frequency response. As an example, Fig.7 shows the frequency response at A,. Frequency
response of model CR1 was almost overlapped with the one of intact model. However, frequency response of
model CR2 (when corrosion is between the transducer and receiver) had large different from the one of intact

model.
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Fig. 7. Frequency responses at A,
B By applying Gaussian curve fitting to the frequency response of each model, center frequencies were found [6],
as shown in Table 5. It was found that, center frequency response was reduced when corrosion located between
the transducer and receiver. For example, when corrosion located between AO and A1, center frequency

reduced from 1.01MHz to 0.78 MHz.
Table 5. Center frequencies of each model

Model CR Intact Rod Model CR1 Model CR2
(MHz) (MHz) (MHz)
A, 0.88 0.87 0.89
A, 1.01 0.78 0.79
A, 0.87 0.94 0.65
A, 1.1 0.83 1.09

Summary



From the FE simulations, both time domain and frequency domain analysis suggest that a pair of transducer and the
receiver provide higher corrosion detection efficiency when the corrosion locates between them. The best sensing
scheme was determined to be 'transducer - corrosion - receiver'. Therefore, it's good to put receivers at both A; and
A,, such that corrosions between Aj and A, or A, and A, can be detected. At any receiver (A, or A,), none-zero
value of net displacement response (du;# 0) indicates the existence of corrosion between the transducer A, and this
receiver.

In this paper, detection scheme utilizing the maximum net displacement response (8u;') were evaluate in both time
domain and frequency domain. This dtection scheme can be used as guidance for detecting surface rust of steel rod

structure using small sensors such as FOS.
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