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detects the ultrasonic guided wave leakage (UGWL). Transmitting a guided wave through a
steel reinforcing bar allows for long propagation range and no attenuation due to scattering

caused by aggregates; while detecting the leakage allows for simple analysis of bulk waves.

|a}

b) [

=]

d) |

Figure 5.Test arrangements

3.4. Data Collection

During the monitoring process, data was collected with respect to incremental changes in crack
/delamination size. Before introducing deterioration to the reinforced concrete specimens,
baseline data was collected using the UGWL arrangement. The tests would then be repeated as

deterioration was slowly introduced and the changes in collected readings would be analyzed.

The velocity and amplitude of signals were recorded and analyzed. The velocity of the signal
was calculated using the arrival time of the signal, and the theoretical distance which was

defined by the leakage angle of the longitudinal bulk waves. Theoretically, the guided wave
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Figure 7 — 2 inch transducer in UGWL arrangement.

Amplitudes of the signal were not collected in the time domain since the guided wave system
theoretically leaks out both longitudinal and shear bulk waves, which would reach a sensor at
different times and impose on one another. The signal data was converted from the time
domain to the frequency domain using a fast Fourier transform (FFT) to determine the
amplitude. The amplitude was determined by reading the amplitude at the excitation
frequency, 54 kHz, in the frequency domain. All waves propagating at a specified frequency,
regardless of time, influence the amplitude of the specific frequency in the frequency domain
plot. In the UGWL arrangement, both the longitudinal and shear bulk waves leaked out of the
waveguide would contribute to the amplitude in the frequency domain, as both propagate at

the excited frequency of 54 kHz. The FFT of the signal shown in Figure 7 is shown in Figure 8.

Figure 8 — Fast Fourier transform (FFT) of signal in Figure 7.
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Data was collected every time test specimens were separated mechanically in gradual
increments. For all specimens in the experimental study, each reading collected at each

incremental stage of damage was repeated ten times.

For the post-processing of the collected data, the change of amplitude and change of velocity

calculations were performed (Equations 3 and 4) and examined against delamination size.

A
Change of amplitude (%) = (A—l - 1) %X 100
0

(3)
Where:

A;—is the amplitude of 54 kHz in the frequency domain at the i increment of
delamination

Ao — is the amplitude of 54 kHz in the frequency domain before delamination

Vv
Change of velocity (%) = (71 — 1) x 100

0

Where: (4)

V;—is the velocity of the signal at the ™ increment of delamination
Vo — is the velocity before delamination
Distance used to calculate velocity is that of the path determined by the

leakage angle.

In addition to the percent changes in measurements, the attenuation coefficients of the guided

wave and the leaked waves in both the z-direction and leakage angle direction) were examined
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in specimen set 2. The attenuation coefficient (a) describes the weakening of signal due to
scattering or absorption, and can also be considered as the decay of power or intensity of a

sound wave (Rose, 1999). It is defined by Equation 5:

A; = Age~*#%) (5)

where A; and A are the decreased and initial amplitudes, respectively, and z-z, is the distance
the wave has travelled through the material. When determining the attenuation coefficient of
the guided wave, z-zo was the distance that the ultrasound travelled in the embedded steel bar
(i.e. distance between transmitter and receiver located at ends of embedded bar). When
determining the attenuation of the leaked waves, z-zo was the distance between the points
along the array in the z-direction or the distance between arrays in the leakage angle direction.
Attenuation coefficient can be determined by Equation 6 and typically uses the unit Np/m

[Equation 7], which can be converted to dB/m using Equation 7.

A;
L log, (A_o) (6)
(z — zy)
1 Np = 8.686 db
m m (7)

3.5. Test specimens
3.5.1. Specimen set 1
Specimen set 1 consisted of concrete specimens of 18”x18”x5” cast with a #5 steel rebar

embedded at the center of the cross-section (Figure 9). The specimens were 5 inches so that
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the cover of concrete over the steel reinforcing bar would be 2.5 inches, as found in in NDOR
bridge decks. Specimens were cast in layers with a 2” strip of plastic at the start of the expected
crack to promote crack propagation along rebar level. The crack was created and gradually
increased mechanically with a device; as shown in Figure 10. The concrete mix design used for
the test specimens is based on the Nebraska department of roads (NDOR), and is called 47BD.
The concrete mix design is commonly used on their bridge decks and also meets the criteria set
out by the American Association of State Highway and Transportation Officials (AASHTO) for
concrete bridge decks. The specified compressive strength of the 47BD concrete mix design is

4ksi.

Transmitter

Figure 9. Specimen set 1 illustration
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3

Figure 10. Gradual mechanical separation in increments of 0.008”

3.5.2. Specimen set 2

Specimen set 2 was composed of two identical concrete test specimens that were 66 inches x
18 inches x 5 inches cast with a No.5 steel reinforcing bar embedded as shown in Figure 11.
Specimens were cast with plastic film strips on one end to promote crack propagation along the
reinforcement level. At this end, a crack was created and gradually increased mechanically with
the device shown in Figure 11, as done in specimen set 1 (Figure 10). The circles on specimen
seen in Figure 11 were transducer locations, which are explained later in this section.

For all specimens, the transmitting transducer was fixed using hot melt glue as a couplant. The
receiver was fixed using hot melt glue as a couplant during mechanically induced and natural
crack growth. When crack growth appeared to have settled, grease was used as couplant for

the receiver when collecting data from the arrays of sensor locations.
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Figure 11. Specimen set 2

Specimen set 2 focused on examining the abilities of the proposed UGWL method. Figure 12 to
14 illustrate the transducer locations used in specimen set 2 and the paths of leaked ultrasound
from the bar. Embedded guided waves propagating along a steel bar, i.e. the axial direction,
attenuate as energy leaks out from the waveguide into the surrounding material. The leakage
angle of the longitudinal bulk wave was calculated to be 42° using Snell’s law, as shown in
section 3. Arrays of transducer locations in the z-direction at various different distances from
the embedded steel bar were examined. Each array had transducer locations to monitor
specific points along the steel bar (i.e. 6 inches, 12 inches, 18 inches etc...) which were

determined using the leakage angle.
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a)

Centerline of array 12.25in. away from steel bar

Centerline of array 6.5in. away from steel bar

Centerline of array 15in. away from

steel bar (hidden in figure) Centerline of 5 5i
enterline of array 2.5in.

away from steel bar

Centerline of array 3in.
away from steel bar

Figure 12. a) Arrays of transducer locations parallel to steel bar and b) path of leaked waves
from points along steel bar to transducer locations.

}P

Figure 13. Paths of leaked waves from steel bar to array locations (x-y plane) (Specimen set 2).
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Figure 14. Cross sections at steel bar location in a) x-z plane, and b) y-z plane (Specimen set 2).

4. Discussion of Results

This experimental program comprised of two sets of specimens. The first set of specimens
examined the effectiveness of different testing arrangements (existing and proposed) to
identify onset of delamination using amplitude and velocity measurements. Specimen set one
monitored a delamination of consistent length, allowing all measurements to be correlated
with just the width of the delamination. The second set of specimens focused on the proposed
testing novel arrangement, UGWL, looking at the inspection area limits of the method.
Specimen set two monitored larger specimens with delaminations occurring only in a section of
the specimen; meaning ultrasonic readings were collected monitoring delaminations with

varying lengths and widths.
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4.1. Specimen set 1

4.1.1. Existing UT set-ups: UGW, UPV-Direct and UPV-Indirect

Figures 15 to 17 present sample time and frequency domain plots using UGW, UPV direct and

UPV indirect, test arrangements that have been either previously used in research or have been

standardized for practice. Time domain plots relate to velocity measurements and the

frequency domain allows amplitude measurements.
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Figure 15. UGW (Figure 5a): Transducers located at ends of rebar
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Figure 16. UPV (Figure 5b): Direct (Gain 10)
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Figure 17. UPV (Figure 5c): Indirect (Gain 10)

Tables 3-5 summarize the changes in amplitude and velocity measurements collected from
existing UT arrangements with respect to the measured incremental changes applied by the
mechanical separation device, or the maximum (measured) delamination width size. The tables
only summarize the changes in readings during the early stages of delamination formation (i.e.

0.008” and 0.016").

Table 3 —UGW (Figure 5a): Summary of amplitude and velocity changes

UGW (3 transducers monitored)

Maximum Change of Amplitude (%) Change of Velocity (%)
delamination width t Confidence Interval t Confidence Interval
<0.008” 403+7.8 0.16 £0.17
<0.016” 127 £ 60 0.18 £ 0.18
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Table 4 — UPV Direct (Figure 5b): Summary of amplitude and velocity changes

UPV Direct (3 transducers monitored)

Maximum Change of Amplitude (%) Change of Velocity (%)

delamination width t Confidence Interval t Confidence Interval
<0.008” -32.7+17.8 -0.41 +£0.57
<0.016” -46.7 £ 21.4 -1.23+1.74

Table 5 — UPV Indirect (Figure 5c): Summary of amplitude and velocity changes

UPV Indirect (3 transducers monitored)

Maximum Change of Amplitude (%) Change of Velocity (%)
delamination width t Confidence Interval t Confidence Interval
<0.008” -39.3+9.9 -0.67 £ 0.65
<0.016” -56.7+11.8 -5.67 £8.34

The results shown in Table 3, 4 and 5 demonstrate that velocity measurements were at least
ten times less sensitive than amplitude measurements for UGW, direct and indirect UPV test
arrangements. The changes in amplitude measurements with respect to delamination width
demonstrated consistency regardless of set-up or path length. However, only the UGW method
amongst these can state the delamination actually occurs between the steel bar and concrete.
The velocity-based arrangements can only conclude that a delamination developed somewhere

in the specimen.

4.1.2. Proposed novel UT method: UGW Leakage (UGWL)
Figure 18 illustrates the different scenarios that are examined with the proposed novel UGWL
test set-up. The presence of one delamination brings up two scenarios: a) when the
delamination disrupts the path of the leaked bulk waves to the sensor (sample of results shown
in Figure 19) and b) the delamination does not disrupt the path of the leaked bulk waves to the

sensor (sample of result shown in Figure 20).
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Figure 18. Ultrasonic Guided Wave Leakage (UGWL) measurement scenarios
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Figure 19. UGWL (Figure 5d and 18a): Delamination in path of leakage — Transducer (Gain 10)
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Figure 20. UGWL (Figure 5d and 18b): Delamination not in path of leakage — Pinducer (60dB &

Gain 1000)

Figures 19 and 20 show sample results of scenarios shown in Figure 18a and 18b, respectively.

Table 6 summarizes the results of all sensors (2 inch diameter transducers and pinducers),
which monitored the signals that had a delamination disrupt the path of leaked waves and
demonstrates that regardless of the transducer used or path length, the change in amplitude
with respect to delamination width is consistent.

Table 7 summarizes the results of the sensors that monitored signals that were not disrupted
by the delamination, sample of results shown Figure 20. Table 7 shows that when a
delamination began to occur between the steel and concrete, but did not interfere with the

path of the leaked bulk waves to the sensor, the amplitude of the leaked bulk waves detected

increased.
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Table 6 — UGWL (Figure 5d and 18a): Summary of amplitude and velocity changes

UGWL: Delamination in path of leakage to sensor (10 transducers monitored)

Maximum Change of Amplitude (%) Change of Velocity (%)
delamination width + Confidence Interval + Confidence Interval

<0.008" -51.5+8.2

<0.016" -71.7+5.2

Table 7 -UGWL (Figure 5d and 18b): Summary of amplitude and velocity changes

UGWL: Delamination not in path of leakage to sensor (4 transducers monitored)

Maximum Change of Amplitude (%) Change of Velocity (%)
delamination width + Confidence Interval + Confidence Interval

<0.008" 55.1+4.3 0.03 £0.03

<0.016" 84.4+3.3 0.04 £ 0.02

Figure 21 and Figure 22 plot the calculated data using the damage indices, the average changes,
and the confidence intervals of the changes in amplitude and velocity measurements (shown in

Tables 6-7) with respect to maximum (measured) delamination width for the UGWL test set-up

scenarios shown in Figure 18.
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