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Abstract. This paper presents a multi helical ultrasonic imaging approach for quantitative corrosion
damage monitoring of cylindrical structures. The approach consists of two stages. First a multi helical
ultrasonic imaging (MHUI) algorithm is used to provide qualitative images of the structure of interest. Then,
an optimization problem is solved in order to obtain quantitative damage information, such as thickness map.
Experimental tests are carried out on a steel pipe instrumented with six piezoelectric transducers to validate
the proposed approach. Three thickness recesses are considered to simulate corrosion damage. The results
show the efficiency of the proposed approach for quantifying corrosion location, area and remnant thickness.
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1. Introduction

Corrosion is the leading cause of pipeline, pressure vessels, and storage tanks failures (Brondel
et al. 1994). In order to reduce the maintenance costs and to increase the safety of these structures,
researchers and practitioners are increasingly interested in improving current nondestructive
evaluation (NDE) technologies or developing advanced structural health monitoring (SHM)
strategies (Lu and Michaels 2005). In particular, SHM strategies based on guided ultrasonic waves
(GUW) and imaging reconstruction algorithms, have received significant interest in the last few
years (Hall et al. 2011, Jansen and Hutchin 1990, Hinders et al. 1998, Huthwaite and Simonetti
2013, Willey et al. 2014, Belanger et al. 2010, Huthwaite et al. 2013, Gao et al. 2005, Zhao et al.
2007, Flynn et al. 2011, Ciampa et al. 2014, Dehghan-Niri and Salamone 2014, Pierce and Kil
1990, Li and Rose 2006, Leonard and Hinders 2003, Qing et al. 2009, Leonard and Hinders 2005).
In general, GUW-based imaging methods generate an intensity map of the structure of interest, in
which the largest intensity, or brightest pixels, identify the damage location(s) (Hall et al. 2011).
For instance, a Lamb wave tomography approach was used by Jansen and Hutchin (1990), and
then by Hinders et al. (1998) to reconstruct the spatial distribution of thickness loss in plate-like
structures. A hybrid algorithm for breast ultrasound tomography was used by Huthwaite and
Simonetti (2013) to generate thickness mapping of plate structures.
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Leonard and Hinders (2003) applied a GUW tomography approach to locate and size flaws in
pipes. They anticipated that the accuracy of guided wave tomography could be improved by
exploiting the information contained in higher-order helical modes. A general inversion method
was proposed by Willey et al. (2014) to improve the accuracy of the reconstructed images by using
information extracted from higher-order helical modes (up to the second helical order). They
used electromagnetic acoustic transducers (EMATS) to generate and receive helical modes. A low
frequency guided wave diffraction tomography algorithm was developed by Belanger et al. (2010)
to generate thickness mapping in pipes. Recently Huthwaite et al. (2013) have presented a detailed
study on the advantages and disadvantages of the two fundamental Lamb waves modes (So and Ao)
for guided wave tomography applications. Although these guided wave tomography approaches
have seen significant developments, a large sensor density is usually required in order to obtain a
high resolution image.

In order to reduce the number of sensors, as well as to exploit the potential advantages of
guided wave tomography for SHM applications, imaging methods based on sparse arrays (i.e.,
spatially distributed) of ultrasonic sensors have been recently investigated (Gao et al. 2005, Zhao
et al. 2007, Flynn et al. 2011, Ciampa et al. 2014, Dehghan-Niri and Salamone 2014), including
the Reconstruction Algorithm for the Probabilistic Inspection Damage (RAPID) (Gao et al. 2005,
Zhao et al. 2007), Rayleigh Maximum Likelihood Estimator (RMLE) (Flynn et al. 2011), and
nonlinear elastic wave imaging algorithms (Ciampa et al. 2014). Dehghan-Niri and Salamone
(2014) have proposed a Multi Helical Ultrasonic Imaging (MHUI) method which exploits
high-order helical guided waves (up to the ninth order) to artificially increase the ray
density/resolution without increasing the number of sensors. In that work the RAPID algorithm
has been modified to include information associated with the different helical paths. Although
these methods can mitigate the sensor density problem, they cannot provide any quantitative
information on the extent of the corrosion (e.g., wall thickness map). This paper extends the MHUI
method developed in Dehghan-Niri and Salamone (2014) to provide quantitative information on
the corrosion damage such as location, size and remnant thickness.

This paper is organized as follow. In section 2 the MHUI is briefly summarized. The corrosion
guantification approach is presented in section 3. Experimental tests and results are discussed in
section 4. Finally concluding remarks are provided in section 5.

2. Multi Helical Ultrasonic Imaging (MHUI)

This section provides a brief summary of the multi-helical ultrasonic imaging (MHUI). The
reader is referred to Dehghan-Niri and Salamone (2014) for a more in-depth discussion, including
implementation details. Let’s consider a cylindrical structure instrumented with a pair of
transmitting/receiving (Si/S;) transducers as shown in Fig. 1. Circumferential waves can propagate
from S; to S; through an infinite number of helical paths (Dehghan-Niri and Salamone 2014, Pierce
and Kil 1990, Li and Rose 2006). The “h-th order” helical path indicates the h-th longest path
between a transducer pair, (the first three helical orders are shown in Fig. 1(a)). For small wall
thickness-to-diameter-ratios, these waves can be treated as Lamb waves propagating through an
equivalent unwrapped plate, as shown in Fig. 1(b). Using the unwrapped representation, each
helical wave can be considered as a single waveform detected by virtual transducers placed at
vertically repeating positions (Leonard KR, Hinders 2003). The vertical distance between each
pair of virtual transducers is n, D, where D is the diameter of the cylinder, and
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N, =0,-1+1-2,4+2,...,—00,+c0. Given a transducer pair located at coordinates (x;, y;) and (x;,
y;), the length of the h-th order helical path |, can be calculated as

l, = (L)? +(B+n,zD)’ 22

N, =0,-1,+1,-2,+2,...,~o0,+00

1)
where L:‘Xj —xi‘ and B:‘yj —yi‘. Without loss of generality the theoretical cut line to

unwrap the cylinder can be chosen to satisfy the inequality B< 7D/ 2 . Eq. (1) represents a set of
lengths (1, ) sorted from the smallest path |, to the largest path |, associated to the first and to the
h-th helical orders.

The time of arrival Tk(hm) of each helical Lamb-like mode depends upon its group velocity v(m ,
and path’s length an can be determined as

- \Vj (m) (2)
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Fig. 1 The first three shortest helical paths: (a) 3-D view and (b) unwrapped cylinder (Cartesian
coordinates)
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Fig. 2 The signals received from the transmitter/receiver pair # 1 for a pristine condition (baseline)

where the superscript m is used to indicate the specific Lamb wave mode propagating along the
h-th helical path of k-th transducer pair. As per Eq. (2), the time of arrival Tk(r:n) of each helical
mode can be controlled by the relative position of the transducer pairs (x; y;) and (x;, y;), and group
wave velocity V™.

For illustrative purposes, Fig. 2 shows a typical signal received from a transducer used in the
experiment described in Section V. Two set of wave packets can be identified corresponding to
the Sp and Ay mode. Each wave packet contains damage information of the helical path through
which it propagates. It can be observed that multiple helical paths can be inspected with only a pair
of transmitter/receiver. A modified probabilistic reconstruction algorithm (MPRA) was used to
take into the account the contribution of different helical paths.

The MPRA has many practical advantages, including flexibility in array geometry selection and,
most importantly, it enables a reconstruction to be performed with high reconstruction quality and
fast speed. The method uses prerecorded baseline signals, measured while the structure is in a
pristine state (i.e., damage-free). Differential signals (i.e., subtraction of baseline signals from
subsequently measured signals) are used to isolate the effects of damage introduced between two
measurements. The normalized root mean square of the gated differential signals is used as a
damage-sensitive feature, that is

M 4 At )
[ IS O-H OFdt
T +AL
fio [S.@Fat

(m) _
Wi =

©)
where S, (t) and H,(t) are the baseline and the current signal, respectively. At is the

excitation pulse duration. T™ is the arrival time of h-th helical order packets of the m-th Lamb
wave mode of k-th transducer pair used for image reconstruction and can be calculated from Eq.
(2). The damage-sensitive featuresw ™ are extracted from the differential signals of Ny helical
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orders measured by N independent pairs of transducers. Conventionally full sets of N pairwise
transducer signals are acquired by exciting one transducer at a time in a round-robin fashion. In
general Ny unique features associated with Ny helical paths are extracted from each independent
pair of transducers (i.e., seven pieces of information related to A, and/or S, mode can be extracted
from transmitted signals of transducer pair 1 shown in Fig. 2). Extracting N;, pieces of information
from each signal significantly increase the number of paths that can be inspected, from N
(Huthwaite and Simonetti 2013, Belanger et al. 2008, Leonard and Hinders 2003, Qing et al. 2009,
Leonard and Hinders 2005, Nagy et al. 2014, Leonard and Hinders 2005) to Nx N, Dehghan-Niri
and Salamone (2014).

The MPRA algorithm combines the damage sensitive features associated with all helical orders
of all transducer pairs as
N Ny N Ny
(XY :Z P (X,Y) = ZZ wm 2o Rkh(])-( y)
k=

1 h=1 k=1 h=1 7h

(4)
where | (x, y) is the image intensity which estimate the defect probability at the location (x, y)

in the unwrapped configuration within the reconstruction region, and p, (x,y) is the

probability associated to the k-th transducer pair and h-th helical order. N is the total number of
independent transmitting and receiving pairs in a network of ng transducers. Ny is the maximum
helical order used in the imaging algorithm. 7 is a probability scaling factor used to make the

maximum probability or image intensity equal to one. y is a scaling parameter which controls
the size of the effective elliptical distribution area, where y >1. Special care should be taken in
defining the y because, if ¥ is too small then artifacts will be introduced and if y is too large,
the resolution will be lost. Furthermore, a large value for y may result in artifacts due to

unwanted overlap of elliptical areas for the high helical orders. This problem was addressed in*,
by setting the value of ¥ as an inverse function of helical order h

%
Vo =14+
h ©)

The value of v was determined by trial-and-error and set to 0.025. For the k-th pair and h-th
helical order, Ry, is calculated in the unwrapped representation as

\/(X_Xik)2 +(y_y1k)2 +\/(X_X2kh)2 +(y_y2kh)2
\/( X — %o )2 +(ylk ~ Yo )2 (6)

Rin(X,y) =

where (X, Yy ) and (X, Ys,) are the transmitter and virtual receiver coordinates,

respectively. The contours of the distribution estimation are a set of ellipses with the two focal
points being the transmitting and the virtual receiver for each pair, e.g., there are N, ellipses for
each pair of transducers. A set of helical waves of transmitting/receiving pair signals that travel
through the damage area are more affected by the defect than others. As a result, in the defect
distribution probability image, the pixel at the defect location has a larger pixel
intensity/probability than other pixels. The reconstruction of the final image is the accumulation
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and transformation of the constructed image from the artificial plates in the unwrapped coordinate
system to the single unwrapped plate.

The operational frequency of the MHUI algorithm should be selected within the shaded region
shown in Fig. 3 for the following reasons Dehghan-Niri and Salamone (2014): i) GUW in a pipe
can be treated as Lamb waves (Li and Rose 2006); ii) just the two fundamental Lamb wave modes
(i.e., Ag and Sp) can propagate, and iii) the group wave velocity remains almost constant, while the
phase velocity is still dispersive enough to make the damage index in (3) very sensitive to
thickness changes (Dehghan-Niri and Salamone 2014, Li and Rose 2006). Other advantages of
using constant group velocity (CGV) operation point have been discussed by Nagy et al. (2014).

3. Corrosion patch quantification

Let’s consider a corrosion patch in the unwrapped plate as shown in Fig. 4(a). Fig. 4(b) shows
the corresponding reconstructed image 1(X,y) obtained by the MHUI algorithm. The proposed
method to estimate the patch boundary I'(X,y) along with its thickness map, assumes the
validity of the ray theory. For the ray theory to be valid, the characteristic size of the defect must
be larger than the wavelength (L¢), and larger than the width (Ly) of the first Fresnel zone which can
be approximated, in the middle of the ray path, as (Leonard and Hinders 2005, Belanger and
Cawley 2009, Belanger 2009)

I
Li(5)= \/ﬁ

2 Y
where | is the length of the ray path between a pair of transducer. Two additional assumptions are

made in this paper: (i) scattering effects are neglected, and (ii) thickness changes are uniform
within the corrosion patch area. Also for simplicity we assume that only a single defect is present.
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Fig. 3 Wave velocity dispersion curvature of 152 mm diameter steel pipe with 2.1 mm thickness. The
shaded area corresponds to the frequency range to be used in the imaging stage and the black parts on the
A, and Sy modes corresponding to the frequency range to be used in the quantitative stage
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(b)

Fig. 4 Schematic of (a) a corrosion patch and a pair of transducers in the unwrapped coordinates (b)
assumed reconstructed image associated with the corrosion patch

Thickness mapping using time-of-flight straight ray tomography algorithms largely depends on
the selection of the operational frequency. This frequency should be selected below the first cut-off
frequency, to make sure the higher modes do not contaminate the signals, and within a frequency
range in which the dispersion of the two fundamental modes (A, and Sp) is significant. A review of
the operational frequency selection is presented in (Belanger and Cawley 2008). The paper shows
that if the operational frequency is selected below the first cut-off frequency, there are two likely
regions of operation for Ay and So, which are shown in Figure 3 with solid black lines. The Aq
mode, however is more sensitive to thickness changes, therefore, in this paper just the Ao mode is
considered.

Because of the dispersive nature of Aq mode in the region shown in Fig. 3, the wave velocity
changes as it propagates in the corrosion patch with boundary I'(x,y). If the boundary T'(X,Y)
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can be approximated with one unique contour of the image, defined as 1(x,y) =y, then the
problem of finding I'(X,y)can be reduced to the estimation of the counter level » whose
boundary is l:y(x, y), as shown in Fig. 4(b). To estimate the wave velocity (\7) in the corrosion
area, let’s consider a transmitter (S;) and a receiver (S;) associated with the k-th transmitter/receiver
pair, as shown in Fig. 4(a). The total travel time T,, from the transmitter S; to receiver S;through
the h-th helical path is defined in Eq. (2) (V is the wave velocity in the pristine structure). After the

initiation of the corrosion process, the wave velocity in the corrosion patch changes to V and the
travel time change accordingly as

_da Gy

=

kh

where dyn and d,, are the portion of the helical inside and outside of corrosion patch
respectively (see Fig. 4(a)). Having the image information I (X, y), and based on the assumption

that T'(X,y) can be approximated by 1:y (x,y), dnand d,, lengths can be calculated for
different contour levels y . The time difference in the total travel time before and after corrosion
can be defined as
ATy =Tw—T, ©)
It should be noted that since the A, mode is used, a reduction in wave velocity V (see Fig. 3) is
expected, and thus an increasing in the total travel time T, (i.e., AT, is positive).

The total helical path length 1, in Eq. (1) is equal to

(10)
Substituting (2) (8) and (10) in (9) the time differences AT, can be calculated for different

contour level » and wave velocity V as

-1 1
ATy =dm(=—=
hk kh(V V) 1)

The actual time differences ATw associated with the h-th helical order of k-th transducers
pair can be experimentally measured by signals S, (t) and H, (t) received from a pristine and
damaged condition, respectively. A common method to estimate the time of arrival difference

AT is by using a cross correlation technique between the windowed signals (S, (t)andH, (1))

1 fTdm™iat
2,,(7) = _.[

At S,()H, (t+7)dt

o

(12)
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Fig. 5 Flowchart describing the proposed quantitative corrosion imaging approach

where At is the excitation pulse duration, and T\™ is defined in Eq. (2). Having the measured
time differences in Eg. (12) and the theoretical ones from Eqg. (11) a weighted least square

minimization problem is proposed in order to estimate the contour level y and wave velocity V
as

_ N Ny _
minJ(y,V) =2 > (AT, —ATw)’ W0
k=1 h1 > (13)

where N is the number of independent transducer pairs, and Ny, is the number of helical orders used

in the image reconstruction. In Eq. (13) the W, is the damage index given in (3) and 5ﬁh>o is

an indicator function defined as

1 if Ekh >0

A0 i AT k<0 (14)

The indicator function eliminates the error components with positive time delay. As discussed
in (Belanger and Cawley 2009), if the Fresnel zone is not much smaller than the damage size (the
first condition of the straight ray theory) thickness changes may cause an increasing in wave
velocity of A, (see Fig. 5 in (Belanger and Cawley 2009). The higher the helical order the larger
is the helical path between a pair of transducers, and thus according to Eqg. (7) the value of the first
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Fresnel zone is large for high helical orders. As a result the proposed method does not satisfy the
first condition of the straight ray theory. To overcome this issue, these error components were
eliminated from the least square objective function in Eg. (13). Furthermore, the weighting

component W, was introduced to increase the weight/contribution of the helical paths with higher

damage index. The reason for this weighting is to increase the contribution of error components
associated with the helical paths that are more likely to travel through the corrosion patch. It is
worth noting that the objective function in Eq. (13) is not in parametric form so that the gradient
based optimization method cannot be easily used. Several derivative free algorithms have been
developed for minimizing an objective function such as the Eq. (13), including Genetic Algorithms
(GA) (Dehghan-niri et al. 2010), Particle Swarm Optimization (PSO), and Mesh Grid Optimization
(MGO) or coordinate search (Kolda et al. 2003). In this paper, a MGO algorithm was used, with

0.001 and 5 m/sec increments for y and V respectively. Therefore, the values of y and V were
estimated by evaluating the objective function in Eq. (13) at gridded parameters. The correspond
absolute minimum value represents the unknowns » and V . Overall the proposed quantitative

corrosion imaging approach is shown in Fig. 5. It consists of two main stages. In the first stage a
gualitative image is reconstructed using the MHUI algorithm. In the second stage, quantitative
information (i.e., location, area and thickness) are estimated by solving an optimization problem.

4. Results

In order to validate the proposed algorithm, experiments were carried out on a 3000 mm long
steel pipe with a 152.4 mm diameter and 2.1 mm thickness. Six piezoelectric disks with 5 mm
diameter were attached to the surface of the pipe using a Loctite instant adhesive. To avoid
reflections from the pipe ends, only the 2000 mm middle section of the pipe was instrumented
(sensor density is transducers/area=6.4 Number/[m?]). Signal generation and data acquisition were
achieved with a National Instruments (NI), modular PXI 1042 unit. This unit included an arbitrary
waveform generator card (PXI1 5411) and one, 20GS/s 12-bit multi-channel digitizers (PXI 5105).
A high voltage amplifier was used to amplify the excitation to the ultrasonic transmitters, while
each sensor was connected to a 40dB preamplifier. A 5-cycles ultrasonic toneburst with center
frequency of 700 kHz corresponding to 1.47 MHz-mm (wavelength A=3.7 mm) was used as
excitation frequency in the MHUI algorithm (i.e., Qualitative damage imaging stage). This
frequency was selected to meet the requirements described in section I, that is, below the first
cut-off frequency (1.6 MHz-mm), and in a frequency range in which A, wasn’t significantly
dispersive (i.e., shaded region shown in Fig. 3). The center frequency selected to quantify the
extent of corrosion (i.e., Quantitative damage estimation stage) was 240 kHz that corresponds to
0.50 MHz-mm (wavelength A=7.91 mm).

Fig. 6 shows a schematic view of the experimental set-up in the unwrapped equivalent plate.
Three thickness recesses were engineered to simulate corrosion damage. The in-plane dimensions
of the defects were, 30mm x40mm, 30mmx80 mm, and 60mmx80 mm, with depth equal to

40% of the pipe’s wall thickness, as shown in Figure 7. It should be noted that the wavelength for
the Ao;mode at the excitation frequency in the second stage is much smaller, than the smallest
damage size (i.e., 7.91<<30). This value satisfies the second condition of the straight ray theory.
However, the wavelength, particularly in the quantitative stage, does not strictly satisfy the ray
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theory in which the damage size should be less than the first Fresnel zone in Eq. (7) of all helical
paths. For example, the width of the first Fresnel zone of first helical order for transducer pairs 1-3

is 89 mm (+1003.1x7.9 =89 >30). The effect of this problem can be to some extent
compensated by eliminating the error components with positive delay value in Eq. (13).

The sensor placement was discussed in details in (Dehghan-Niri and Salamone 2014).
According to that paper the number of unambiguous independent transducers pairs in our network
was N=12; these pairs are listed in Table 1. The maximum number of helical orders Ny used in the
proposed imaging algorithm was set to nine. The corresponding ray coverage area is shown in Fig.
8. Extracting more data associated with multiple helical paths in MHUI from a received signal
allows multiple lines to be inspected between a single transducer pair instead of only a single line,
as is traditionally inspected between two transducers; therefore a large coverage can be achieved
without increasing the number of transducers.
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Fig. 6 Schematic view of the sensor network in the unwrapped equivalent plate view

Fig. 7 Simulated corrosion patches
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The image reconstruction results obtained using MHUI for the corrosion case I, 1l and 111 are

shown in Fig. 9. These qualitative images will be used for quantifying the corrosion patch as
discussed in Section I11.

00120
x[em]

X

Fig. 8 All possible helical paths of 12 transmitter/receiver pair for ninth helical order, in the “unwrapped”
plate view
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Fig. 9 Reconstructed images using MHUI: (a) corrosion case I, (b) corrosion case Il and (c) corrosion case
111 (Color Online)
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Table 1 List of unambiguous independent transducer pairs

Trans./Rec. Trans. # Rec. #
Pair #
1 1 3
2 1 4
3 1 5
4 1 6
5 2 3
6 2 4
7 2 5
8 2 6
9 3 5
10 3 6
11 4 5
12 4 6
y= .9 Sensor Artifacts
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Fig. 10 Image intensity of the corrosion case | (a) different contour levels in3-D view and (b) contours in
2-D as possible corrosion boundaris
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Consider an image associated with the corrosion case | with image intensity 1(x,y) (Fig. 9(a)). A
number of contours associated with different values of y can be identified as shown in Fig. 10(a).
The projections of each contour line I', (X, y) in the unwrapped configuration is depicted in Fig.
10(b). It is worth noting the existence of several artifacts at the sensor locations. These artifacts
occur due to accumulation of several elliptical shapes with the focal points being at each sensor
location. This problem is solved in the image by smoothing the sensor area and eliminating the
contour lines associated with these artifacts.

Having l:y (X,y) at a particular level and based on the geometry of the sensor network the
portion of each helical path dn that goes inside contour l:y(x, y) can be theoretically determined.

For illustrative purpose, dwn are shown in Figure 11 with bold gray lines inside the 1:0.71(X, y).
These values were used for solving the objective function in Eq. (13) at gridded values of y and

group wave velocity V inside the corrosion patch. A surface plot of the logarithmic values of
weighted least square error in Eq. (13) for the corrosion case I, is given in Fig. 12. It can be
observed that the objective function is convex, and its minimum value is located at a contour level

of 0.987 and wave velocity of 2785.8 m/sec. The centroid and the area of fy(x, y) indicate the
location and corrosion patch size, respectively. Furthermore, one can use the dispersion group

velocity to find the remnant thickness associated with the estimated wave velocity V inside the

corrosion patch. The estimated boundaries 1:7(x, y) of the three simulated corrosion patches are
shown in Fig. 13. The contour levelsy , area and the location associated with these boundaries

and the thickness loss associated with the estimated wave velocity V in the corrosion patch are
given in Tables 2 and 3 respectively.

The results show a reasonable agreement between the estimated and the actual value of the
damage location. However, the corresponding areas are slightly overestimated for case | and II;
two are the possible reasons for these errors. First, since the direction of the higher order helical
paths going through the damaged area tend to be more vertical, the horizontal dimension of the
corrosion patch cannot be accurately captured in the image reconstruction stage.

0 20 40 60 80 100 120 140 160 180 200

Fig. 11 Example of a contour level for 1:0.71(X, y) from image of corrosion case |
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Fig. 12 Error in (13) evaluated at gridded contour level and velocity in the corrosion case |

Table 2 Location Estimation and Area Estimation

Corrosion Stage

1
Y 0.920 0.948 0.950
“Estimated x[cm] 123.25 124.27 126.54
Exact x[cm] 122 124 124
“Estimated y[cm] 35.72 36.7 38.15
Exact y[cm] 36.42 36.42 37.9
“Estimated Area[cm?] 13.98 34.81 45.46
Exact Area [cm?] 12 24 48
Table 3 Thickness Estimation
Corrosion Stage | I 11
VI[m/sec] 2785.8 2702.5 2714.1
Estimated remnant Thickness [mm] 1.58 1.40 1.42
Exact Remnant Thickness [mm] 1.26x0.1 1.26+0.1 1.26x0.1




230 Ehsan Dehghan-Niri and Salvatore Salamone

» N g ORI Z X
VAl e s a A ST A AT e b omra O e e

0 20 40 60 80 200

"‘;.a"bivx_»— v = —-‘e,@;— ==

[
!» / i OO XL AT A A BRI : |
0 20 40 60 80 100 120 140 160 180 200

Fig. 13 Quantitative corrosion patch monitoring results. The “*” is at the centroid of the estimated
corrosion boundary

Fig. 13(b) shows that the maximum error among the three corrosion cases is related to the case
Il where the shape of the corrosion patch is rectangular elongated in the horizontal direction. The
second reason is related to the violation of the ray theory condition related to the Fresnel zone.
Although the characteristic size of the corrosion in all cases is comparable to the wavelength A,
for the corrosion case | and Il the size is smaller than the width of the Fresnel zone. Belanger and
Cawley (2009) demonstrated that if the damage size is smaller than the width of the first Fresnel
zone the area of the damage can be overestimated using A, Lamb mode. This problem is due to
scattering effects that cause erroneous time delay in the wave packets of rays (helical paths in the
vicinity of corrosion patch) that do not pass the corrosion patch. These time delays will appear in
the objective function given in Eq. (13) and compromise the estimation of the corrosion boundary.
Table 111 shows the estimated wave velocities and the associated remnant thicknesses for the three
simulated corrosion patches. The remnant thicknesses are slightly underestimated. Again as it was
shown in Belanger and Cawley (2009) this error is most likely caused by the violation of the ray
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theory related to the Fresnel zone. It is worth noting that, although the imaging method exploited
in this paper to provide the qualitative image information was the MHUI, other imaging
algorithms could be adapted in the same fashion to quantify damage using the image information.

5. Conclusions

In this paper we extended the Multi Helical Ultrasonic Imaging (MHUI) method, recently
developed by the authors for locating corrosion damage in cylindrical structures, to provide
guantitative information about the corrosion process, including location coordinates, size and
remnant thickness. The proposed approach consists of two main stages. In the first stage image
information is provided by the MHUI method. In the second stage corrosion characteristics are
estimated by solving an optimizing problem. The main advantage of the proposed method is the
ability to exploit qualitative image information in order to quantify the extent of the corrosion
damage using a low density sensor network. Experiments were carried out on a steel pipe
instrumented with six permanently attached piezoelectric disks to validate the proposed approach.
Three thickness recesses simulating corrosion patch were considered. Results demonstrated that
the proposed method can successfully estimate the location, corrosion area and the remnant
thickness with reasonable accuracy and by using a small number of sensors.
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