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ABSTRACT

Steel rebar corrosion reduces the integrity and service life of reinforced concrete (RC) structures and causes
their gradual and sudden failures. Early stage detection of steel rebar corrosion can improve the efficiency of
routine maintenance and prevent sudden failures from happening. In this paper, detecting the presence of surface
rust in steel rebars is investigated by the finite element method (FEM) using surface-generated elastic waves.
Simulated wave propagation mimics the sensing scheme of a fiber optic acoustic generator mounted on the surface
of steel rebars. Formation of surface rust in steel rebars is modeled by changing material’s property at local
elements. In this paper, various locations of a fiber optic acoustic transducer and a receiver were considered.
Megahertz elastic waves were used and different sizes of surface rust were applied. Transient responses of surface
displacement and pressure were studied. It is found that surface rust is most detectable when the rust location is
between the transducer and the receiver. Displacement response of intact steel rebar is needed in order to obtain
background-subtracted response with a better signal-to-noise ratio. When the size of surface rust increases,
reduced amplitude in displacement was obtained by the receiver.
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1. INTRODUCTION

Damage detection of civil infrastructure using elastic waves has been reported in various applications. Methods
such as impact-echo method!-? utilizing bulk waves (compressive and shear wave) are proved to be useful for
detecting flaws inside concrete specimen. Using guided wave method is also a popular non-destructive testing
method. Guided wave has high sensitivity to most types of damage and high efficiency in detecting small and
subsurface defects.?

Among different types of elastic waves, surface waves (i.e., Rayleigh waves) are most frequently used for
the detection of surface defect.*:> Cook and Berthelot® used root mean square of scattered Rayleigh waves’
amplitude (surface displacement) for the detection of small surface fatigue cracks. Resch and Nelson” proposed
a model predicting the relationship between crack size and the surface displacement of the reflected echo from
a crack. Finite element method (FEM) are widely used on simulating surface wave propagation. However,
it is quite challenging to simulate surface waves with high frequency (e.g., ultrasonic wave) since the element
size needs to be small enough to represent the wavelength. Thus, the solution time increases incredibly. To
improve the computational efficiency of simulations,different FE modeling strategies on absorbing regions have
been developed.?:?

Instead of commonly used elastic wave generator (e.g., falling steel sphere) or transducer, Zhou et al.*® 1!

suggested that fiber optic photoacoustic ultrasound generator could be used as an elastic wave generator. Nev-
ertheless, an efficient sensing scheme is required.

This paper aims at developing a corrosion sensing scheme for small transducers and receivers as small as
fiber optic sensors. Displacement response is used for detecting, locating, and quantifying surface rust in rebar
structures. FEM is applied in building numerical rebar models and simulating wave propagation in rebar models.
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Table 1. Material properties

Steel Rust
Density 7.85 x 1079 ton/mm? | 2.61 x 1072 ton/mm?
Young’s Modulus 210 x 10> MPa 500 MPa
Poisson’s ratio 0.3 0.3

A commercial FE software package ABAQUS® (by Dassault Systems) is chosen for its wide applications in
explicit analysis.

Four receiver locations are distributed on the model, collecting transient displacement response. In this
development, net displacement response and an indicator are combined to i) detect corrosion, ii) locate corrosion,
and iii) quantify corrosion.

In this paper, FE modeling of intact and corroded rebar 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.

2. FINITE ELEMENT MODELING

To study the wave propagation in intact and corroded rebars, FE models were designed and used. An intact
model was created first with 705600 linear hexahedral elements of type C3D8R, based on the geometry and
material property of a standard number four steel rebar. By introducing surface rust (corrosion) to the intact
model, 14 corroded models were made. In each model, the two ends are 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.

2.1 Material Property and Geometry
2.1.1 Intact Rod Models

The intact model was made of steel, property of which is provided in Table 1. An intact rod model was designed
base on a standard No.4 steel rebar. Complicated, detailed features such as ribs and lugs of the rebar were not
included. In this research, the simplified rod model was a 50 mm (1.97 in) cylinder with a diameter of 12.7 mm
(0.5 in), as shown in Figs. 1.

2.1.2 Corroded Rod Models

Introduction of an artificial corrosion was achieved by changing the material property at corroded region from
steel to rust. (Rust’s property is also provided in Table.1.) Each corroded model only contained one corroded
region. To characterize a corroded region, four attributes were defined: location L7, depth I, width I, and
thickness [,. These attributes are further explained in the following.(Fig.2 illustrates these attributes).

e Corroded region location, L’ (j = 1,2) - As shown in Fig. 2, L! is a corroded region on the top of the rod;
it is 5 mm away from the mid-span. L? is located at mid-span. In the cylindrical coordinate system, L'
and L? have 90 degrees of difference on the 6 axis.

e Corroded region size, [, € [0,2] (mm), ly € [0, 10,20,30,40] (°) and I, € [0,1,2,3,4] (mm) - Damage size
was quantified by three parameters: thickness, depth and width of the corroded region. The subscript
indicates the axis on which the dimension describes. For example, [, describes length of a corroded region
on z-axis. (Note that the thickness [, of all corroded regions were fixed to 2mm.)

Fourteen models with different combinations of above attributes were made and listed in Table 2.
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\ (Unit: mm)

Figure 1. Simplified rod model

2.2 Boundary Conditions and Loading

Both ends of each model were fixed. In addition, at each end, 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),'? and
they function as non-reflecting boundaries. Elastic waves were gradually damped out when they propagate into
an absorbing region. The material’s property in these regions is similar to that of the core apart from additional
damping. Each of these regions 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 locations of a fiber optic photoacoustic receiver were considered, defined as A;(i = 0,1,2 and 3), as
shown in Fig. 4. A transducer is placed at Ay, generating a sinusoidal pulse (Fig. 5). Transient displacement
responses, normal to the model’s surface, at four considered locations (Ag, A1, A2 and A3z) were collected. As a
result, four transducer-receiver pairs are studied.

2.3 Net Displacement Response

The displacement responses can be affected by the introduction of artificial corrosion. The differential displace-
ment at A; caused by the corrosion locating at L7 is defined as the net displacement response du?. It can be
calculated by:

6uz = uf — it (1)

where uf = displacement response of a corroded rod model at A;, ui™*= displacement response of intact model

i

at A; and (5uz = net displacement response of the corroded rod at Ai. To determine which pair is the best sensing
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Corrosion location L! Unit: mm Corrosion location L?

Figure 2. Two considered corrosion locations

scheme for detecting corrosion/surface rust, a characteristic parameter named indicator, I/, was proposed and
defined as the normalized maximum net displacement response at A;.

I] _ (5'“'3 )max
(uzm)max

3

x 100 % (2)

in which (u{""),4 is the maximum displacement response of a intact rod model obtained at A;.

Displacement response at each location for all corrosion cases was obtained from FE simulations. Net dis-
placement response was calculated using Eq. (1).

3. SIMULATION RESULTS
3.1 Net Displacement Response

As an example, Figs. 6 and 7 show net displacement responses at all four locations for case #2 and #9. In
order to evaluate the effectiveness of locations A; in terms of detecting corrosion, maximum net displacement
responses from cases #2 and #9 are summarized into Table 3. Note that the corroded region of cases #2 and
#9 has identical sizes.

3.2 Indicator [ ZJ

Similar to the net displacement response, indicator I f is calculated using Eq. (2). Table 4 lists the value of I, f
for cases #2 and #9.
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Table 2. Considered corrosion cases

Case # | L7 | 1, (mm) | lg (°) | I. (mm)
1 Lt 2 20 1
2 Lt 2 20 2
3 L' 2 20 3
4 L' 2 20 4
5 Lt 2 10 2
6 Lt 2 30 2
7 Lt 2 40 2
8 L? 2 20 1
9 L? 2 20 2
10 L? 2 20 3
11 L? 2 20 4
12 L? 2 10 2
13 L? 2 30 2
14 L? 2 40 2

Table 3. Maximum net displacement response ((5uf Ymaz

Transducer | Receiver | case #2 (x107% mm) | case #9 (x107% mm)
Ao Ao 0.64 2.09
Ao A, 3.05 1.33
Ag Ag 0.59 3.09
Ag As 0.94 0.97
Table 4. Indicator If of case #2 and #9

Transducer | Receiver | case #2 (%) | case #9 (%)

Ag Ag 0.8 4.93

Ag Ay 36.45 15.92

Ao Ay 3.15 16.14

A, As 8.74 9.01
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Figure 3. Absorbing Regions
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Figure 4. Locations of the fiber optic photoacoustic receiver

3.3 Corrosion Detection

Evaluation of receiver locations for corrosion detection is achieved by checking the maximum net displacement
response and indicator I7.

e Corrosion detection — Indicator [ f at A; can be used to detect the presence of corrosion since it has high
value of the indicator in cases #2 and #9. From the definition of indicator I/, any non-zero value of I?
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Figure 6. Net Displacement of case #2

suggests the appearance of corrosion. However, the sensitivity of considered receivers changes for same
levels of corrosion. In Table 4, A; always has greater values in both cases #2 and #9.

e Corrosion location — For considered corrosion locations (1Y), the greatest net displacement response
(0u])mas at A; predicts corrosion located at L'; the greatest (0u? )maz at Ag or Ay predicts corrosion
location at L2. It is found that when the corrosion is between a receiver and the transducer, (5uf Ymaz Of
this receiver have the greatest value against the values of other receivers. For example, in case #2 and
with a (4] )maes value at Ay, corrosion is predicted to be located between A; (receiver) and Ay (transducer).
From Table 3, value of A; is much greater than any other locations. Similarly, in case #9, corrosion locates
between A, (receiver) and Ay (transducer). (A is also a receiver in this case.) In Table 3, (du])mas of
both Ay and A are greater than other receivers. In frequency domain, similar patter can be also observed.
Frequency response was disturbed more when corrosion is between the transducer and receiver, than the
case that corrosion is not between. As an example, Fig.8 shows the frequency response at Ay for both
case #2 and #9. While frequency response at As in case #2 is almost overlapped with the one in intact
model, frequency response in case #9 (corrosion is between the transducer and receiver) is distorted from
frequency response of the intact model (e.g.,frequency peak at 0.87 MHz becomes narrower in case #9).

e Corroded region size — To determine the size of corroded region, an empirical equation is developed.

lg.or> = a X explb x (§uf)mm] (3)
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Figure 8. Frequency responses at As
Table 5 lists the values of coefficients used in Eq. 3, as well as their R? evaluation.

Table 5. Coefficients of empirical equations for quantifying corrosion
L’ a b R?
lg | 3.335 | 2.90 x 10° | 0.97
I, | 0.106 | 4.98 x 10° | 0.96
lg | 0.385 | 3.87 x 10° | 0.96
ly 3.4 | 2.23x10° | 0.97

Ll

L2

4. SUMMARY AND DISCUSSION

From the FE simulations, the appearance of corrosion causes more differential displacement at A; (corrosion at
L' and L?) and A, (corrosion at Ly) than at other locations. This result suggests that indicator I! becomes
greatest (most sensitive) when the corroded region is located between the transducer and the receiver. Once the
corrosion is detected, maximum net displacement response (du]) can be used to calculate the dimension of the
corroded region. The proposed sensing scheme is summarized and discussed in the following.
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e Corrosion detection - The best sensing scheme to detect corrosion is 'transducer - corrosion - receiver’.
Therefore, it’s good to put receivers at both A; and As, such that corrosions between Ay and Aq, or Ag
and Ay can be detected. However, if only one receiver is allowed, location A; is the best option since
indicator I/ is sensitive to both L' and L?. (I} is greater than 15 for both L' and L?.)

e Corrosion size - Using predetermined relationship (Eq.(3)) between corrosion dimension (lg or I,) and

maximum net displacement response du; max> COTTOSION size can be estimated.

5. CONCLUSION

In this paper, a sensing scheme utilizing the maximum net displacement response (5ug ) and indicator If is
reported for detecting, locating and quantifying corroded region in simplified rod models. This sensing scheme
can be used as guidance for the optimal design of surface rust detecting using small sensors (e.g., fiber optic
photoacoustic sensors) on rod structures. It is believed that this sensing scheme has a great potential to be
combined with fiber optic photoacoustic sensors'® and used for evaluating and monitoring of rebar structures in
practice.
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