3

y =

4 signals

Article

A Comparison between Ultrasonic Guided Wave Leakage and
Half-Cell Potential Methods in Detection of Corrosion in
Reinforced Concrete Decks

Ahmad Shoaib Amiri '*, Ece Erdogmus 2 and Dana Richter-Egger 3

check for

updates
Citation: Amiri, A.S.; Erdogmus, E.;
Richter-Egger, D. A Comparison
between Ultrasonic Guided Wave
Leakage and Half-Cell Potential
Methods in Detection of Corrosion in
Reinforced Concrete Decks. Signals
2021, 2, 413-433. https://doi.org/
10.3390/signals2030026

Academic Editor:

Emmanuel Ramasso

Received: 25 September 2020
Accepted: 23 June 2021
Published: 30 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Durham School of Architectural Engineering and Construction, University of Nebraska-Lincoln,

Omaha, NE 68182, USA

2 School of Building Construction, Georgia Institute of Technology, Atlanta, GA 30332, USA;
ece.erdogmus@design.gatech.edu

3 Department of Chemistry, University of Nebraska Omaha, Omaha, NE 68182, USA;
drichter-egger@unomaha.edu

*  Correspondence: aamiri2@huskers.unl.edu

Abstract: This article presents the advantages and limitations of a recently developed Ultrasonic
Guided Wave Leakage (UGWL) method in comparison to the well-known Half-Cell Potential (HCP)
method in their ability to detect corrosion in reinforced concrete (RC) bridge decks. This research also
establishes a correlation between UGWL data and chloride content in concrete RC slabs. Concrete
slabs submerged in a 10% NaCl solution were monitored using both methods over a period of six
months. The chloride content from the three cores (0.84, 0.55, and 0.18%) extracted from the slab after
the 6-month long process all exceeded the chloride threshold values suggested in ACI 318, which is
0.05 to 0.1% by weight of concrete. Further, the UGWL method detected changes due to corrosion
approximately 21 days earlier than the HCP method.

Keywords: ultrasonic testing; ultrasonic guided wave; half-cell potential; corrosion; chloride content;
reinforced concrete bridge decks

1. Introduction

This work has the following two main goals: First, to compare the advantages and the
limitations of the recently developed Ultrasonic Guided Wave Leakage (UGWL) approach
and the better-known Half-Cell Potential (HCP) method in the detection of corrosion in
reinforced concrete (RC) bridge decks. Secondly, to establish a quantitative correlation
between UGWL data and chloride content.

In prior work, the UGWL method, a new approach to non-destructive testing (NDT) of
reinforced concrete members using ultrasound, demonstrated the ability to detect the onset
of corrosion and delaminations between rebar and concrete [1-3]. It was demonstrated that
the UGWL method can be used effectively on epoxy-coated bars and the method’s field
readiness was tested through two field pilot studies. On the other hand, HCP is a well-
known and standardized method used to detect corrosion in RC systems and is commonly
used on bridge deck inspections. To establish the goals of the project, an experimental
program was conducted. The two methods are compared using data from lab specimens
submerged in 10% NaCl over a period of six months. In addition, the chloride content
in the concrete was determined at the end of the period and correlated to the data from
UGWL and HCP methods.

Significance

In this research, two NDT techniques (UGWL and HCP) have been used and compared
for the detection of corrosion from the onset and through mild corrosion build-up. The
team’s previous work on the UGWL method showcased that it can detect changes in
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the condition of an RC element sooner than any other method currently available. Early
detection of corrosion activity with an established statistical certainty can reduce significant
issues with bridge decks and reduce maintenance and repair costs for the departments of
transportation (DOTs). This paper builds upon the prior work on the development of the
UGWL method. The specific contributions presented here are as follows: (1) providing a
comparison to the HCP method in a variety of ways (e.g., time of detection, limitations
in application, etc.), and (2) quantifying the level of corrosion in terms of changes in the
UGWL amplitudes with respect to measured chloride levels.

It is estimated that more than half of the bridges in the United States are made up of
reinforced concrete [4]. Three major causes that lead to the deterioration of RC bridge decks
are chloride-induced corrosion, freeze-thaw cycles, and poor construction practices [5].
Corrosion is a major problem with RC bridge decks, especially from chloride products and
carbon dioxide [6]. Approximately 15 percent of deterioration in RC bridge decks is caused
by corrosion; more than any other degradation mechanism [7]. Corrosion in RC structures
leads to significant repair costs, sometimes exceeding the initial cost of construction or
even resulting in structural collapse [8]. The annual repair cost caused by corrosion in
highway bridges is around USD 8.3 billion, of which approximately USD 2 billion is for
bridge decks [9]. Thus, early corrosion detection in RC bridge desks should provide long
term cost savings and improve the infrastructure’s function, reliability, and lifespan.

The motivation for comparing the UGWL and HCP methods is also two-fold: First,
because UGWL is a newly developed non-destructive evaluation technique for the detec-
tion of corrosion in RC bridge decks, it is important to benchmark it with a monitoring
method traditionally used by DOTs, such as HCP, to highlight its advantages over the
existing approach. Second, detecting corrosion activity at earlier stages than the previ-
ously established methods (i.e., HCP) can help better prevent progression of the corrosion
into irreversible damage, such as cracking, spalling, and delamination in the bridge deck.
Detecting these problems earlier can significantly reduce the costs associated with repairs.

2. Background
2.1. Causes and Mechanism of Corrosion

Corrosion is commonly caused by chloride ingress to the rebar from deicing salts,
groundwater, or seawater [10]. At early stages, steel remains in the passivated state, having
a high pH (around 12.5), and it is protected by a thin and dense layer of iron oxide that
impedes anodic reactions from happening [11]. However, this protective layer can be
damaged, and corrosion can be initiated when the chloride ions reach the rebar [12,13]. As
the corrosion progresses, it can lead to cracking, delamination, and eventual repair needs.
Several procedures are practiced for the prevention of corrosion such as the application
of mechanical barriers (i.e., membranes), chemical protection such as corrosion inhibitors,
and enhancing the quality of concrete. Though these prevention measures are helpful,
corrosion of RC structures is still common and the repairs still costly. Identifying corrosion
and related deterioration in its early stages can reduce repair costs [14].

2.2. Chloride Content Analysis

Corrosion is initiated once the chloride content present in the concrete exceeds a
certain threshold, called the chloride threshold level (CTL). This threshold value is also
referred to as the critical chloride content in the literature. The CTL is often expressed in
terms of “chloride content relative to the weight of the cement” [15]. The CTL can also
be expressed as the total chloride content relative to the concrete weight or as a ratio of
free chloride to hydroxyl threshold or (C17):(OH™) [15-17]. Different standards provide
guidance on the CTL for concrete structures. For instance, ACI 318 [18] limits the CTL
in concrete in the range of 0.08 to 0.1% by weight of concrete. Table 1 indicates the CTLs
provided by other standards, expressed in terms of chloride content relative to percentage
weight of the cement.



Signals 2021, 2

415

Table 1. Chloride threshold values specified by different standards.

Chloride Threshold Level (CTL) (%, Cement)

Standard Reference :
Reinforced Concrete Pre-Stressed Concrete
British Standard [19] 04 0.1
ACI 357 (Water-soluble Cl-) [20] 0.1 0.06
ASTM 1152 [21] 0.2 0.08

(Acid-soluble Cl-)

2.3. Non-Destructive Corrosion Monitoring

To monitor corrosion in RC structures, there are various NDT techniques, which may
be classified into six categories as indicated by Zaki [22] and they are as follows: (1) visual
inspection; (2) electrochemical methods (i.e., open circuit potential method, resistivity
method, polarization resistance, galvanostatic pulse method (GPM), electrochemical noise
(EN)); (3) elastic wave methods (i.e., ultrasonic pulse velocity, (UPV), acoustic emission,
(AE), and impact echo (IE)); (4) electromagnetic methods (i.e., ground penetrating radar
(GPR)); (5) optical sensing methods (i.e., fiber Bragg grating (FBG)); and (6) infrared
thermography (IRT).

Visual inspection is a commonly used inspection technique that can be used to monitor
the corrosion damage on the surface of RC structures. Nevertheless, this method requires
highly experienced staff, and it is not effective in detecting unseen corrosion [22]. Thus,
other methods, such as electrochemical methods (i.e., HCP) and elastic wave methods (i.e.,
ultrasonic testing and AE), are more suitable in detecting corrosion at the rebar level below
the surface.

Electrochemical methods, such as HCP, are known to be the most suitable technique
for corrosion monitoring. HCP is capable of detecting corrosion regardless of the depth
of concrete cover, the rebar size and detailing, and, in addition to indicating the corrosion
activity at the most external layers of reinforcement, it can indicate the corrosion in greater
depth [23]. However, this method has some limitations, which will be discussed later.

Ultrasonic testing (UT) is an evaluation method consisting of a transmitter and receiver
circuit, a transducer, and a display device [24]. The UT measurements can be used to locate
the cracks and determine the flaw size. This evaluation system is known for its speed of
scanning and good resolution capabilities.

AE is another NDT method that has been extensively used for corrosion monitoring in
R structures. Ohtsu and Tomola [25] compared AE with HCP for non-destructive testing of
corrosion in RC slabs and analyzed the concentration of chloride ions around the rebar. It
was demonstrated that AE monitoring can detect the onset of corrosion activity earlier than
HCP. With investigation of the ingress of chloride ions, a correlation between AE activity
and chloride concentration was observed. Once the chloride contents surpass 0.3 kg/m?,
a high AE activity period is observed, which marks the first stage of the deterioration
process caused by NaCl attack. Another stage of high AE activity can be observed once the
chloride content becomes higher than 1.2 kg/m?3, which corresponds to the second stage of
the deterioration process. Li et al. [26] used AE to detect corrosion activity in RC structures
at an early stage, where a significant increase in cumulative AE hits can be an indication of
the onset of corrosion. Thus, AE can be used as a real-time corrosion monitoring technique
that can detect corrosion activity at an early stage.

In this research, UGWL and HCP have been used as two NDT methods for continuous
monitoring of corrosion in RC structures. These two methods are further explained in the
next section.

3. Methodology
3.1. Ultrasonic Guided Wave Leakage (UGWL) Method

UGWL has the ability to identify the onset and progression of flaws in RC structures
such as concrete-rebar delamination, corrosion, and cracking. The team’s previous work
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successfully demonstrated that UGWL is capable of identifying delaminations as small
as 0.2 mm (0.008 in) and the onset of rebar corrosion [1-3]. A study conducted by Gar-
cia et al. [2] successfully demonstrated that the amplitude of the leaked energy that radiates
from the reinforcing bar waveguide is sensitive to corrosion initiation and cracks.

In ultrasonic testing, the ultrasonic waves can propagate as either bulk waves or
guided waves [27]. In case of the bulk wave propagation, which is also known as the
normal-beam excitation, the ultrasonic waves are leaked into the surrounding material
and the insonified area is limited to the contact point between the sensor and the test
material [28]. The insonified area in traditional ultrasonic testing is the region that is flooded
with carefully controlled sound waves (i.e., ultrasonic waves), whereas in ultrasonic guided
wave propagation, the ultrasonic waves propagate through a waveguide, and the ultrasonic
waves can travel longer distances compared to bulk wave propagation.

In the UGWL method proposed by the authors, the leaked energy in the guided
wave system propagates through the surrounding materials (i.e., concrete) [28], and is
detected by a receiver on the surface of the concrete. While a range of ultrasonic frequencies
(20-100 kHz) have been used in homogeneous concrete systems, 54 kHz was found to be
optimal for this application [1]. Most ultrasonic guided wave studies on RC structures have
utilized lower ultrasonic frequencies [1-3,27,29,30], mostly because the lower frequencies
have a higher sensitivity to bond conditions and are easier to solve [27]. Since the concrete is
a heterogeneous material, many agree that it is better to use lower frequencies in ultrasonic
testing, typically 20 to 100 kHz [27]. Though higher frequencies are more sensitive to
smaller defects and can be used with specimens with smaller thicknesses, they are also
prone to higher attenuation [31].

In the UGWL testing method, the following two types of transducers are involved:
(1) transmitter; and (2) receiver [28]. A transmitter is used to transmit the ultrasonic waves
through the waveguide (such as the steel bar in this case). These ultrasonic waves naturally
leak into the surrounding material (i.e., the concrete) and are monitored using the receiver.
In the UGWL method, the transmitter is connected to the rebar, either directly to its end
or at an angle by a couplant. The couplant facilitates the sensor-to-material connection
and makes it easy to transmit the ultrasonic pulses from the transmitter to the waveguide.
While collecting the test data, the transmitter can either be held connected to the rebar by
hand while taking measurements, or attached using a transducer wedge, for hands-free
operation and reduced human error.

The experimental set-up includes two 54 kHz transducers used as transmitter (T), and
receiver (R), both having a diameter of 3 cm (1.18 in). The PULSONIC Ultrasonic Pulse
Analyzer 58-E4900 from CONTROLS-Group is used as the data acquisition system and to
generate the ultrasonic pulses, Figure 1.

The ultrasonic guided wave approach is typically used for inspecting long homoge-
nous materials, such as steel pipes, with the receiver typically placed at the other end of the
linear element. However, in this novel approach, instead of depending on the longitudinal
waves that propagate and attenuate through the wave guide, the energy that is leaked into
the surrounding medium (concrete) is measured by placing an array of receivers on the
surface of the concrete. As such, the method is also different than other UT methods tradi-
tionally used for concrete structures that utilizes bulk waves that propagate perpendicular
to the system.

When the transmitter is on the rebar and receivers are on the surface of concrete; flaws
in the steel rebar, steel-concrete interface, and concrete along the path of the leaked waves
are observed as changes in the amplitudes of the leaked waves. Another unique aspect
of the UGWL method is the use of amplitude readings (frequency domain) instead of the
velocity readings (in time domain) that are typical in the standardized applications of
ultrasonic testing. While both sets of data can detect flaws in the RC systems, the changes
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in the amplitude readings were shown to be far more sensitive and easier to interpret. The
change of amplitude is calculated by Equation (1) as follows:
i

Change of Amplitude (%) = (i

20— 1) x 100 1)

where A’ is the amplitude of 54 kHz in the frequency domain of ith increment of corrosion
and A? is the amplitude of 54 kHz in the frequency domain before corrosion.

Pulsonic Ultrasonic Pulse Analyzer
& Receiver

54 KHz transducers

Transmitter

Giatech iCOR

Tablet

Reference Electrode

Connector m

(a)

(b)

Figure 1. Experimental set-up: (a) UGWL; (b) HCP.

Further details of the development of this method and previous findings can be found
in [1-3].

In a study conducted by Garcia et al. [2] at the University of Nebraska-Lincoln, two
sets of concrete slabs were prepared to monitor cracks and corrosion activity. The first set
of concrete slabs, 45.7 cm x 30.5 cm X 12.7 cm (18 in x 12 in x 5 in), were prepared with
a 5% NaCl solution to accelerate corrosion, with a No. 5 rebar at the center level, placed
at a depth of 6.3 cm (2.5 in) from the top surface of concrete. The specimens were also
submerged in water with the water level just below the reinforcing bar. After monitoring
the specimens for a period of 40 days, the measurements of leaked waves using receivers
on the surface of the concrete detected corrosion activity. A direct correlation was noted
between the increase in UGWL amplitudes and an increase in the length of time the
concrete slabs were exposed to corrosive conditions. Garcia [2] concluded that the UGWL
measurements are sensitive to early corrosion activity.

One of the limitations of UGWL is attenuation [28]. This limits the coverage area for
testing. Attenuation in UT occurs by intrinsic and geometric effects [22], and UGWL is
affected by both [28]. Erdogmus [3] successfully demonstrated the ability of UGWL in the
detection of multiple flaws that occur at different locations along the rebar with a single
set up. A detection range of up to 427 cm (14 ft.) was achieved in this research using a
single test setup. To accurately locate the flaws, a grid of receivers located every 15 cm
(6 in) along the rebar is recommended by Erdogmus [3].

Finally, to interpret the UGWL measurements, a specific data analysis method
is conducted:

1.  Theraw data is stored in a “4K9” format using the Pulsonic Ultrasonic Pulse Analyzer.

2. The raw data is then converted to CSV files using the Ultrasonic Pulse Analyzer Data
Converter. This raw data in the form of velocities in the time domain.

3. The CSV files are converted to Microsoft Excel documents and time domain data is
transformed into frequency domain data using Fourier Analysis.
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4. The peak amplitude values in the frequency domain are plotted against distance
(i.e., the location of the receiver). This allows to determine the attenuation of the
UGWL waves along the wave guide and observe any deviations from the expected
(theoretical) attenuation curve that can be due to flaws on the rebar or the rebar-
concrete interface.

3.2. Half-Cell Potential Method

The Half-Cell Potential (HCP) method is a rapid and cost-effective in situ testing
technique used to identify the existence of active corrosion, which was first developed by
Stratfull [32]. Generally, a copper/copper sulfate electrode (Cu/CuSO4) or a silver/silver
chloride electrode (Ag/AgCl) reference electrode is placed on the concrete surface right
above the rebar and it is connected to the exposed portion of the rebar in order to character-
ize the electro-chemical behavior of corrosion in the rebar. The HCP method can be used to
monitor the corrosion of rebar in concrete bridge decks and other structures, as long as the
temperature is more than +2 °C and the rebar is not epoxy coated [33]. ASTM C876 [33]
provides a guideline to interpret half-cell measurements. The relationship between the
potential measurements and the likelihood of corrosion presence are provided in Table 2.
Higher magnitudes of negative half-cell readings indicate a higher probability of corrosion.

Table 2. ASTM C876 for interpretation of half-cell measurements [33].

Half-Cell Potential Measurements (Mv) Probability of Rebar Corrosion Activity
>—200 Less than 10%
—200 to —350 Uncertain
<—350 More than 90%

The HCP method has several limitations and is becoming decreasingly useful due
to the increased use of epoxy coated rebars [33]. HCP does not provide any detailed
information regarding the probability of corrosion activity between —200 and —350 mV, or
10 and 90%. Further, according to Frelund et al. [34], this method is prone to erroneous
conclusions in situations where concrete is water-saturated, carbonated, and exposed to
very low temperatures.

The HCP technique can be used anytime during the life a structure, and in any
environment, as long as the temperature is above +2 °C [33]. Thus, this method can be
used non-destructively to monitor corrosion activity in concrete structures.

According to Elsener [23], the HCP method can be used for one of the following
main purposes:

1. Tolocate the corroding reinforcing bars, and thus, to assess the condition of reinforce-
ment during the testing process.

2. To define the position for further destructive analysis such as cores for chloride analy-
sis and inspection windows to visually assess the corrosion condition of the rebars.

3. To evaluate the corrosion condition of the rebar after the repair procedure, and thus,
to assess the efficiency and durability of the repair.

4. To design an anode layout of cathodic protection systems.

Elsener [23] also points out that HCP measurements are generally suitable for use on
structures that are exposed to the atmosphere. HCP can be used regardless of the depth of
the concrete cover, rebar size, and detailing.

According to Pradhan [35], HCP can be used as an indicator of chloride-induced
rebar corrosion initiation in RC structures. The top surface of the beam specimens with
rebars embedded were subjected to 3% NaCl, followed by exposure to air, in cycles,
for a high number of repetitions. It was concluded that HCP is a suitable method to
determine the parameter indicating rebar corrosion initiation in chloride-contaminated
concrete structures.
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45.7cm (18in.)

Zou [36] investigated the influence of some parameters, such as temperature, humidity,
fly-ash content, and the chloride concentration, on the relationship between the HCP and
the corrosion level of the rebar in concrete. The results indicated that the HCP decreases
with an increase in temperature under the same corrosion level of the reinforcing bar. A
decrease in HCP measurements was also observed with an increase in the chloride concen-
tration. With an increase in the fly-ash level, the HCP measurements also increased. When
the corrosion level of the rebar increased, the HCP measurements decreased. Yodsudjai [37]
also observed a decrease in the HCP measurements when the chloride content increased.

In this project, a Giatech iCOR device is used to collect the HCP measurements and
the experimental set-up for this testing procedure is illustrated on the right in Figure 1. “1”
denotes the iCOR device on different spots on the concrete surface, and “R” shows the
reference electrode that is attached to the rebar. During the procedure, the iCOR device
is wirelessly connected to a tablet on which the device can be accessed and controlled.
The device shows the value of potentials while the experiment is carried out on the test
specimens. The measured data are stored in the tablet, which are then copied onto a
computer and plotted for a better representation of data.

3.3. Specimen Details and Data Collection

Two RC slabs (designated as Specimen A and B) measuring 91.4 cm x 45.7 cm x 12.7 cm
(361in x 18 in x 5in) were cast with a No. 4 black rebar (12.7 mm diameter) embedded at
the center of the cross-section of the slabs, as shown in Figure 2. The concrete mixture is
one typically used by NDOT (Nebraska Department of Transportation) and has a specified
strength of 4000 psi.

(a)

(b)

Figure 2. Test specimens: (a) illustration with dimension; (b) actual specimen before submersion.

Researchers have used different concentrations of NaCl in their studies. For instance,
Abbas et al. [38] investigated the effect of C1~ on segments of a precast concrete tunnel
lining, immersed in 3, 3.5, and 10% NaCl solutions. Various tests were conducted on cylin-
drical cores extracted from reinforced concrete and steel fiber-reinforced concrete segments.
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It was observed that the difference in the chloride penetration for NaCl concentrations of
3 and 3.5% was insignificant. In contrast, the 10% NaCl concentration specimens showed
significant effects from chloride exposure. Based on this prior work, 10% NaCl is also used
in this study.

Ten equally spaced spots, 7.6 cm (3 in) apart and starting at 15.2 cm (6 in) from the
edge of specimen were tested with UGWL, while five spots 15.2 cm (6 in) apart were tested
with HCP (Figure 3). The data were collected once every 3 days for the first 30 days, and
every 6 days for the rest of the process. Measurements collected from UGWL method were
analyzed in the frequency domain as change in amplitude.

() (b)
Figure 3. Test locations on the specimens: (a) UGWL; (b) HCP.

3.4. Measurement of Chloride Content

After the observation of the specimens for six months, the chloride content in Specimen
A was measured to establish a quantitative correlation between chloride content and UGWL
data. Cores were extracted from three locations: two that demonstrated larger variations
in amplitude readings and a third with lower amplitude variation for comparison. Those
cores were then pulverized (Figure 4) for chloride analysis using ion chromatography.

Figure 4. (a) Extracted core from the concrete specimen; (b) Concrete sample in pulverized form.
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4. Results
4.1. Results of Monitoring Corrosion Using UGWL

The change in the recorded UGWL amplitudes during the exposure period are at-
tributed to corrosion activity, given this was the only variable in the experiment. Further,
according to previous findings by Garcia et al. [1,2], an increase in the measured amplitude
values indicate the onset of corrosion in RC structures. This is because early corrosion
improves the bond between concrete and rebar, thus increasing the energy leaked into the
surrounding concrete. The first statistically significant increase in amplitudes (53.5%) is
observed on day 9 at 30 cm away from the edge (Figure 5). Sample measured amplitudes
using UGWL method is presented in Appendix A (Table Al).

0.18
® Dayo
0.16 ; . Day 3
0.14 B Dayé6
A Day9
0.12
.. eseesee Expon. (Theoretical)
% 0.1 “e, Expon. (Theoretical2)
s .
2
£ 0.08
<
0.06
0.04 & é«i
0.02
0
0 10 20 30 40 50 60 70 80 90

Distance (cm)

Figure 5. Specimen A UGWL data: days 0, 3, 6 and 9.

The expected exponential decay of amplitude measurements of the leaked waves
along the length of specimen is shown using two theoretical curves in Figure 5. Garcia [27]
previously determined these two exponential curves, i.e., the upper and lower bounds, by
assuming a high and a low attenuation coefficient. It was observed that the dimensions of
the test specimen affected the attenuation. The smaller the dimensions of the test specimen,
the more likely that the reflection within the concrete would be detected by sensors,
resulting in more variable and higher amplitude readings at the starting end of the guided
wave, as well as quicker attenuation. Thus, use of a higher attenuation coefficient is more
suitable for smaller specimens. In a study conducted by Garcia [27], the smaller specimen
measured 45.7 cm X 45.7 cm x 12.7 cm (18 in x 18 in x 5 in). The attenuation coefficient
associated with this smaller size (determined as 0.052) represents the lower bound and it is
demonstrated as solid lines in all of the results plots is the paper. The larger specimen used
by Garcia [24] measured 168 cm x 45.7 cm x 12.7 cm (66 in x 18 in x 5 in) and showed
lower attenuation compared to the smaller specimen. This upper limit exponential curve is
represented by a dashed line in the plots. The attenuation coefficient that was obtained
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from the leaked waves in larger specimens is identical to the attenuation of the guided
wave itself, as expected.

In this paper, with the specimens having the dimensions of 91.4 cm x 45.7 cm X 12.7 cm
(36 x 18 x 5 in), it is more likely that the attenuation coefficient in this case is similar
to that of the smaller specimen (higher attenuation) obtained by Garcia [27]. However,
both attenuation curves are used to develop an envelope to better understand this set of
specimens’ attenuation behavior.

Figure 6 illustrates select days of measurements from day 0 up to 175 days for the full
array of sensors. When the entire period of 175 days is considered, the most significant
changes are observed at 38 cm (15 in) and 53 ¢cm (21 in) from the transmitter end. The
percent change between “Day 0” and “Day 30” of corrosion for the point at 38 cm (15 in)
reaches 95%. Figure 7 further illustrates the change in amplitudes for these two points
over the entire period of the experiment. Given that the specimen was continuously sub-
merged in NaCl solution during this period, without any other interventions or change in
circumstances, the changes in the UGWL amplitude are attributed to corrosion progression.

Day 0
¢ Day30
= Day 66
- = Day 101
x  Day 132
4 o Dayl75

seeseees Expon. (Theoretical)

Expon. (Theoretical2)

®e
‘ea.,,
.

¥ Ttw..,

& 7 TP
L 2 ‘ ..'°'co. ®
° : ®ee X
| L]
* [
20 30 40 50 60 70 80 90

Distance (cm)

Figure 6. Comparison of select data through 175 days, Specimen A.

As can be seen in Figure 7, there is some fluctuation in the UGWL amplitude measure-
ments. This fluctuation is attributed to testing or user errors (such as the sensor location
being slightly different from the previous test, different amounts of couplant used, etc.)
as well as the effects of ambient noise. However, when the change in the condition is
significant enough (i.e., when a significant amount of corrosion product is built up), there
is a significant (or “permanent”) change in the amplitude values. Table 3 quantifies the
change in amplitudes for these two points over the entire period of the experiment.
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Figure 7. Specimen A: UGWL amplitude change for two sensor points over 175 days.
Table 3. Change of amplitude for various points for Specimen A.
Day 0 Day 9 Day 30 Day 101 Day 175
UGW_L Data Amp. Amp. % change Amp. % change Amp. % change Amp. % Change
Points W) W) vs. Day 0 W) vs. Day 0 W) vs. Day 0 ) vs. Day 0
38 cm (15 in) 0.039 0.061 56 0.074 90 0.092 136 0.099 154
53 cm (21 in) 0.038 0.055 45 0.051 34 0.065 71 0.078 105

On the 175th day, the percent change in the amplitude for the 38 cm (15 in) point is
approximately 154%, while for the 53 cm (21 in) point it is 105%. When the general trend
is studied, regardless of the day-to-day fluctuations, a permanent change in amplitude
occurs after roughly a 50% change is established. This happens at day 18 for Point 1
(38 cm or 15 in from the edge) and day 83 for Point 2 (53 cm or 21 in from the edge).
Consequently, this change in amplitude (50%) is suggested as the indicator of “significant
change in the condition of the reinforced concrete slab”. Anything lower than 50% can be
considered “uncertain” or “mild deterioration potential”, similar to the HCP uncertainty
considerations. To further evaluate this conclusion, the second specimen is discussed below.
Later, chloride levels corresponding to the day 175 UGWL readings will be established to
further correlate the UGWL amplitude readings to corrosion progression.

Figure 8 shows the UGWL data for Specimen B for all the measurement points through
132 days of observation, while Figure 9 presents a daily plot showing the change in the
amplitudes for three specific points. The generally lower amplitudes in Specimen B
compared to Specimen A is due to the fact that the transmitter is attached to the 33-degree
cut angle in this case, decreasing the energy propagating through the waveguide. The three
points selected for further investigation of this specimen are points at 23, 69, and 84 cm (9,
27, and 33 in, respectively) away from the transmitter end, because these areas showed the
most significant changes in UGWL amplitudes (17, 105, and 151 percent, respectively, over
the 132 days).
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Finally, to establish an intermediary data verification, after monitoring Specimen B
for 132 days using the UGWL method, an autopsy was performed, as shown in Figure 10.
Some early/mild corrosion build-up can be observed on the rebar that was embedded in
this specimen, which correlates to the minor changes in the amplitudes. This experiment
confirms that very small changes (such as 17%) in amplitude can be an indication of the
onset of the corrosion process.

Figure 10. Specimen B- Day 132 condition verification: Very mild corrosion build-up on the rebar.

4.2. Results of Monitoring Corrosion Using HCP

Half-Cell potential measurements were taken using the iCOR device every 6 days on
the same day as the ultrasonic testing. Five test locations were marked along the rebar
on the surface of the specimen, as shown in Figure 3. The HCP data are presented in
terms of volts. ASTM C876 [33] provides a standard, based on which the probability of
corrosion presence can be interpreted, as indicated in Table 2. The dotted lines shown in
Figures 11 and 12 demonstrate the limits specified by ASTM C876. These limits are also
indicated in the text boxes shown on the plots, where each one shows the probability of
corrosion. Sample measured amplitudes using HCP method is presented in Appendix A
(Table A2).

37 43 49 55 61 67 73 79 85

Less than 10%

[ ) .
Uncertain

More than 90%

—&—Day 30
—e— Day 101

Distance (cm)

Figure 11. HCP measurements for Specimen A.
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Figure 12. HCP measurements for Specimen B.

7

Figure 11 shows that the HCP measurements for day 30 are mostly in the “uncertain”
region according to the interpretations provided by ASTM C876 [33], which means that
the probability of corrosion activity can be anywhere between 10 and 90%. Only the 30 cm
(12 in) point on this specimen demonstrated a higher probability of corrosion activity per
HCP data, which is aligned with the UGWL observations, where there was a significant
change (53.5%) at this point as early as day 9. With the HCP readings, none of the points
showed a probability higher than 10% for corrosion activity.

The HCP data for Specimen B is presented in Figure 12. All the points measured on
day 30 are in the lowest probability (less than 10%) range for corrosion activity per HCP
data. While some corrosion activity was detected using the UGWL method earlier than
the HCP method on Specimen B, the results of the two methods are in good agreement, in
that there is less potential /evidence of corrosion activity for this specimen compared to
Specimen A in general. This is also in alignment with the observations from the autopsy
shown in Figure 10.

4.3. Comparison of UGWL and HCP

In general, it can be stated that, for Specimen A, the HCP readings started showing
an increased probability of corrosion by day 30, whereas the UGWL data demonstrated
some increase in the amplitudes as early as day 9. By day 18, a permanent change and
significant changes in the amplitude were recorded for some of the points using UGWL,
still ahead of the 30-day mark with HCP. Further, Table 4 addresses some of the advantages
and limitations of both methods based on previous work.
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Table 4. Comparison between UGWL and HCP Methods.

Parameters UGWL HCP

Can be used to detect cracks

Application for other and delamination in addition n/a
purposes . )
to corrosion [2];
Influence of temperature No information Influenced by temperature

and humidity [37,39]

It needs coupling gel between
Need for coupling material the sensors and the test Not needed
materials (i.e., concrete)

g It was successfully used for Not suitable for structures
Applicability on structures - : -
. . structures involving an that involves an epoxy-coated
involving epoxy-coated bar
epoxy-coated rebar [1] rebar [33]
Attachment to the rebar Required Required

4.4. Measurement of Chloride Content

Chloride content analysis was conducted on Specimen A after 175 days of conditioning
in an NaCl solution. The UGWL data showed the maximum variations for the points 38 cm
(15in) and 53 cm (21 in) away from the edge, as shown in Figure 3; therefore, cores were
extracted from these two locations. An additional core was extracted at the 76 cm (30 in)
location for comparison purposes to represent points with a lower UGWL amplitude
change. The pulverized concrete samples were then sieved using a No. 20 sieve (850 uM)
as recommended by ASTM C1152 [21], which provides guidelines on the acid-soluble test
for the determination of chloride content in concrete. For each sample, 2 g of homogenized
material was mixed with 5 mL of trace-metal-grade nitric acid and 3 drops of Methyl
Orange indicator. After the color of the samples became pink, the samples were placed on a
hotplate until they began boiling. The samples were then vacuum filtered using Whatman
#1 filter paper. The final solutions were diluted to 250 mL using 18 Mohm water. The
chloride content was subsequently determined using a Metrohm Eco IC ion chromatograph
and a five-point linear calibration curve. lon separation was achieved using a Metrosep
A Supp 4-250/4.0 anion separation column, standard eluent (2.4 mM sodium carbonate
and 2.5 mM sodium bicarbonate), and an eluent flow rate of 1.0 mL/minute, all at room
temperature. Each sample was analyzed in duplicate along with a method blank.

The results of the chloride content analysis are given in Tables 5 and 6 for the first and
second iterations, respectively, while Table 7 presents the average percentage of chloride
concentrations from the two iterations.

Table 5. Percentage of chloride content per weight of concrete (1st iteration).

Sample Mass (g) Volume (L)  Solution (ppm) %Cl per Concrete

Weight
Method blank 0 0.2500 0.13 -
38 cm (15 in) 2.1008 0.2500 70.6 0.84%
53 cm (21 in) 2.1037 0.2500 47.5 0.56%
76 cm (30 in) 1.9880 0.2500 15.2 0.19%

Table 6. Percentage of chloride content per weight of concrete (2nd iteration).

%Cl per Concrete

Sample Mass (g) Volume (L) Solution (ppm) Weight
Method blank 0 0.2500 Not Detected -
38 cm (15 in) 2.0425 0.2500 68.7 0.84%
53 cm (21 in) 1.9692 0.2500 4.7 0.54%

76 cm (30 in) 2.0100 0.2500 14.2 0.18%
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Table 7. Percentage of chlorite content per weight of concrete.

Sample Average %Cl per Concrete Weight
38 cm (15 in) 0.84%
53 cm (21 in) 0.55%
76 cm (30 in) 0.185%

As it can be seen Tables 5-7, the chloride content of all the samples exceeds the CTL
specified by ACI 318, which ranges between 0.05 to 0.1% by weight of concrete. As such,
it can be concluded that the chloride content in this specimen has exceeded the chloride
threshold values and corrosion activity had definitely started in the rebar by day 175.

Table 8 presents the correlation between the chloride content and the data from both
the UGWL and HCP on day 175 (right before CTL check) for points 38 cm (15 in), 53 cm
(21 in), and 76 cm (30 in) in Specimen A. There is a strong correlation between all three
measurement types.

Table 8. Correlation between CTL and UGWL data.

UGWL Data HCP Data
Percentage Day 175 o
Measure.:ment Day 0 Day 175 Change in I?:zd}:ls Probability of A::gfﬁé‘;f:
Location (Amplitude) (Amplitude) UGWL mV) & Corrosion P Weicht
Reading (%) Activity &
38 cm (15 in) 0.039 0.099 154% —624 >90% 0.84%
53 cm (21 in) 0.038 0.078 105% —595 >90% 0.55%
76 cm (30 in) 0.027 0.038 40% —574 >90% 0.185%
Figure 13 provides a visual for the correlation between chloride content and the UGWL
data, further illustrating the potential of this method in detecting corrosion activity as early
as when the chloride levels are right at the threshold of 0.18%.
0.25
® Day0
¢ Day30
= Day 66
02 = Y
= Day 101
Day 132
Day 175
6 0.15 Expon. (Theoretical)
'qd; Expon. (Theoretical2)
=
g
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Figure 13. Correlation between UGWL data and chloride content.
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5. Conclusions
From the work presented in this paper, the following conclusions can be drawn:

1.  The experimental results suggest that a 50% change in UGWL data may be the
threshold to be considered as a “significant change” in the condition of the rebar or
the rebar—concrete interface with respect to corrosion progression in RC bridge decks.
While a 50% change provided a permanent change in the data that presents a higher
certainty of deterioration, it was verified by visual inspection that UGWL amplitude
changes as small as 17% can indicate an onset of corrosion activity.

2. While a larger data population is needed to confirm this finding, less than a 40%
change in the UGWL amplitudes correlates to the CTL threshold of 0.1% by weight of
concrete established by ACI 318.

3. The findings suggest that when UGWL and HCP are benchmarked, most of the data
were in good agreement. The UGWL measurements presented notablechanges in
amplitude as early as 9 days, compared to 30 days with HCP. As such, UGWL may
have the ability to detect corrosion activity sooner than HCP. In addition to earlier
detection, UGWL allows for higher certainty in predictions compared to HCP’s large
region of uncertainty, ranging between a 10 and 90% probability of corrosion activity.

4. The experimental results also indicate that noticeable changes in the UGWL readings
were recorded as early as 9 days for the lab specimens submerged in 10% NaCl. Over
175 days, the change in the UGWL amplitudes were as high as 154% with respect
to the baseline. The 154% increase in the UGWL amplitude change correlated to a
0.84% chloride content, which is higher than the threshold of 0.1% by concrete weight
specified by ACI 318. This finding suggests a strong potential for the proposed UGWL
method for corrosion monitoring.

5. UGWL has the potential to become a method that can detect multiple flaws with a
single setup, because several other advantages of UGWL over HCP are identified in
previous work, such as (1) UGWL can be used on epoxy-coated bars, while HCP is
limited to use with black bars; and (2) UGWL can detect various flaws (corrosion,
delamination, and independent cracks) with one setup, whereas HCP only detects
corrosion. As such, UGWL has the potential to become a method that can detect
multiple flaws with a single setup.

To improve this new method’s ability in the detection of corrosion in RC structures,
future work will involve determining the chloride content at different stages of the NaCl
submersion process, as well as at different depths from the concrete’s surface.
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Appendix A

Samples of UGWL measurements as well as HCP data are given as follows:

Table A1l. UGWL measurements for Specimen A.

UGWL: Specimen A

Corrosion Data

Day 30
File name Distance (in) Amplitude Avg. gtal?da.rd
eviation

1 9 0.149528903

2 9 0.149136852

3 9 0.148896135

4 9 0.152310975 0.150427285 0.001433856
5 9 0.151683608

6 9 0.151007237

7 12 0.096250092

8 12 0.095550813

9 12 0.096919853

10 12 0.094149955

11 12 0.09507235

12 12 0.094267489 0.094785525 0.002047222
13 12 0.096491907

14 12 0.095200269

15 12 0.09623313

16 12 0.093337921

17 15 0.074725763

18 15 0.074688041

19 15 0.075483172
20 15 0.075671486

21 15 0.07415704

7 15 0074486913 0.074667792 0.000678115
23 15 0.074871704

24 15 0.074649849

25 15 0.074428593

26 15 0.073593579

27 18 0.064233128

28 18 0.066504016

29 18 0.066432182

30 18 0.06655954

31 18 0.066835837 0.067169366

32 18 0.068642605

33 18 0.067258192

34 18 0.068421715

35 18 0.069637081

36 21 0.035443079

37 21 0.034969048

38 21 0.035155169

39 21 0.035073283

40 21 0.035794221

41 21 0.035327647 0.035098723 0.000395379
42 21 0.03501156

43 21 0.034839785

44 21 0.035085114

45 21 0.034288329
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Table A1l. Cont.

UGWL: Specimen A

Corrosion Data

Day 30
File name Distance (in) Amplitude Avg. Stal}defrd
Deviation
46 24 0.032787719
47 24 0.032139173
48 24 0.03236147
49 24 0.032947254
50 24 0.028859457
51 24 0.029445851 0.02989137 0.00239568
52 24 0.027741543
53 24 0.028028783
54 24 0.027311966
55 24 0.027290484
56 27 0.04866844
57 27 0.048405063
58 27 0.044544714
59 27 0.045752979
60 27 0.04466398
61 27 0.044244212 0.046021439 0.001493144
62 27 0.045965955
63 27 0.045768383
64 27 0.045952916
65 27 0.046247749
66 30 0.029307697
67 30 0.028548822
68 30 0.029121009
69 30 0.027857985
70 30 0.027242585
71 30 0.026570321 0.026814223 0.001186757
72 30 0.026159675
73 30 0.025861586
74 30 0.02592397
75 30 0.02577665
76 33 0.049846079
77 33 0.045668294
78 33 0.045455227
79 33 0.044984574
80 33 0.045906164
81 33 0.048896116 0.048366968 0.002623562
82 33 0.052287372
83 33 0.050199868
84 33 0.050795235
85 33 0.049630746
Table A2. HCP measurements for Specimen A.
HCP: Specimen A
Corrosion Data
Day 30
Distance (in) Potential (mV) Average

12 ~799 ~799

8 —278 —278

24 ~320 ~320

30 ~351 —351
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