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Abstract—Reinforced concrete (i.e., concrete wall-like struc-
tures having steel reinforcement rods embedded within) are
commonly available as civil infrastructures. Such concrete struc-
tures, especially the walls of sewers, are vulnerable to bacteria
and gas induced acid attacks which contribute to deterioration
of the concrete and subsequent concrete wall loss. Therefore,
quantification of concrete wall loss becomes important in deter-
mining the health and structural integrity of concrete walls. An
effective strategy that can be formulated to quantify concrete
wall loss is, locating a reinforcement rod and determining the
thickness of concrete overlaying the rod via Non-destructive
Testing and Evaluation (NDT & E). Pulsed Eddy Current (PEC)
sensing is commonly used for NDT & E of metallic structures,
including ferromagnetic materials. Since steel reinforcement rods
that are commonly embedded in concrete also are ferromagnetic,
this paper contributes by presenting experimental results, which
suggest the usability of PEC sensing for reinforced concrete
assessment, via executing the aforementioned strategy.

Index Terms—concrete, NDT, NDE, pulsed eddy current,
sensor, sewer

I. INTRODUCTION

Pulsed Eddy Current (PEC) sensing, a versatile technique
among the Eddy Current (EC) Non—destructive Evaluation
(NDE) techniques, has many applications in detection and
quantification of defects in metals and metallic structures [[L].
The detector coil-based PEC sensor architecture over the years
has proven itself to be an effective condition assessment tool
for ferromagnetic materials [2, 3| 4, 5. Motivated by its
usefulness, detector coil-based PEC sensors in recent years
have been exploited quite effectively for condition assessment
of ferromagnetic pipes in the water industry [6} (7, |8} 9} |10} [11]].

Alongside condition assessment of water pipes, interest
towards condition assessment of waste water pipes, or sewers,
also has increased in recent years [12} [13] [14} [15} [16, [17, [18]].
Sewer walls are typically made of concrete and a portion
of sewer walls carry steel (having ferromagnetic properties)
reinforcement rods embedded within. It is common for sewer
walls to undergo bacteria and gas induced acid attacks which
deteriorate the concrete and cause wall loss leading to weak-
ened structural integrity. Therefore, quantification of concrete
wall loss is of interest to sewer infrastructure management.
Motivated by this interest, the main contribution of this
paper comes in the form of a presentation of experimental
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results which suggest usability of PEC sensing for condition
assessment of reinforced concrete.

Covermeters are typically used for reinforcement rod locat-
ing and sizing [19, 20], and are commercially available. As
per the authors’ experience though, the common availability
of covermeters is in the form of manually operated hand—held
devices, and not so much as tools that can be automated and
interfaced with robotic platforms. On the other hand, authors
are fairly experienced in automating and integrating PEC
sensors with robotic platforms [21}[22]]. Provided some unique
hazards such as confined spaces and infectious substances
associated with sewers, an increasing demand for robotic
means for sewer condition assessment exists. Therefore, PEC
sensing may have an edge over covermeters as a result of its
established capability for interfacing with robotic platforms,
at least when it comes to tasks similar to sewer concrete
assessment.

The paper is structured as follows: Section [[I] presents the
operating principles of PEC sensing; section [[II| describes the
strategies adopted in this paper to enable condition assessment
of reinforced concrete; section describes conducted exper-
iments and presents their results, and section [V|concludes the
paper while discussing implications of results.

II. PRINCIPLE OF PEC SENSING

Since steel reinforcement rods are ferromagnetic, the detec-
tor coil-based PEC sensor architecture is used for the work
of this paper. This architecture has been identified in literature
[2L 3L[11] to have superior sensitivity to ferromagnetic material
volume. The detector coil-based architecture typically com-
prises two concentrically wound, air cored, conductive circular
coils [2, 3 [11]. Rectangular shaped coils too have rarely been
used [8]], and the signals for this work were captured using oval
shaped coils. It is not the intention of the authors to propose
an optimal PEC sensor for reinforced concrete assessment
in this paper, readers should decide the shape and size of
sensors suitable for their application. However, non—circular
(i.e., rectangular or oval) sensors are required for the work
of this paper. This is the case since circular sensors do not
provide information about the orientation of an embedded
reinforcement rod, due to circular symmetry of sensors. A
PEC sensor design example is available in [23].



Out of the two coils available in the detector coil-based
architecture, one coil behaves as an exciter coil while the
other behaves as a detector coil which captures the signal.
The exciter coil is energized with a voltage pulse which
fundamentally takes the shape of a Heaviside step function.
The pulsed excitation causes a rapid change in the surrounding
magnetic field, which induces time varying eddy currents in
any surrounding conductive material (i.e., the reinforcement
rod for the work of this paper). The induced time varying
eddy currents result in a secondary time varying magnetic
field, and the resultant effect of the two magnetic fields induces
a time varying voltage (i.e., the PEC signal) in the detector
coil which we denote as V (t). V(¢) takes the shape of an
exponential decay and the typical shape of a signal can be
seen in [10, [11]. Previous work [2] has proposed the model
in (I) to characterize detector coil-based PEC signals where
b; and ¢; are parameters depending on the excitation voltage,
sensor characteristics, and electrical and magnetic properties
of any surrounding conductive materials.

V()= biexp(—cit) (1)
=1

For the purpose of locating reinforcement rods, and deter-
mining the thickness of overlaying concrete, we define the
PEC signal feature V, in , where g is a time instance such
that t9 > 0. The choice for the value of ¢ is purely dependent
on the characteristics of the available sensor and the signals it
produces.

Vo = [V (8)]|t=t, (2

A value for ¢y should be chosen through observation, and
a strategy for selection is presented in subsection [III-B

III. STRATEGY FOR LOCATING REINFORCEMENT RODS
A. Strategy for selecting PEC sensor shape and size.

Firstly, the size of the expected reinforcement rod should be
decided. On occasions, covermeters have been used to estimate
the size of reinforcement rods when the size is unknown
[20]. For the work of this paper though, authors endeavour to
estimate the thickness of concrete overlaying a reinforcement
rod (of known size) to determine the degree of concrete
wall loss. At a stage where practical application matters,
authors do not expect wall deterioration to have reached the
reinforcement rods. Therefore, sizing of reinforcement rods is
considered out of the scope of the work of this paper. When
considering applications such as sewer condition assessment,
infrastructure managers usually have archived records which
carry specifications such as reinforcement rod sizes. Therefore,
the work of this paper relies on the prior knowledge of the size
(diameter) of the reinforcement rods. Steel reinforcement rods
of 12 mm diameter were used for experiments.

Secondly, the maximum expected thickness of overlaying
concrete should be decided upon. Once again, such details
become available where technical details and specifications
have been archived by infrastructure managers. For the work

of this paper, authors have chosen a maximum thickness of
50 mm. According to the targeted application, reinforcement
rods may be embedded at different depths, and on occa-
sions, specifications may not be available with infrastructure
managers. Therefore in consideration to field applications, it
makes sense to be conservative and expect reinforcement rods
embedded at larger depths.

On deciding some expected ranges for reinforcement rod
sizes and thickness of overlaying concrete, one can use a
numerical simulation approach such as Finite Element Anal-
ysis (FEA) to perform basic evaluations and determine sensor
shapes and sizes adequate for a target application. An example
to how FEA has been used in relation to PEC sensing is
available in [5]. Alternatively, suitable sizes and shapes can
be determined through a few trial and error experiments.
Since aligning the PEC sensor to a reinforcement rod becomes
advantageous, authors remind the emphasis on designing
non—circular sensors.

B. Strategy for selecting a value for 1.

Two reinforcement rod samples (these samples can be
considered as calibration samples) can be placed perpendicular
to each other, centred on a grid map as shown at the left of
Fig. [I] Since the rod diameter selected for this paper was
12 mm, authors set a grid square size to be 30 mm x 30 mm
(i.e., length of a grid square side = 2.5 x reinforcement rod
diameter). Then, the long side of the non—circular PEC sensor
must be aligned to one reinforcement rod, and placed above
the rods, at a height equal to the maximum expected overlaying
concrete thickness (50 mm for this paper as mentioned in
subsection [[II-A)). The grid map should then be covered by the
PEC sensor at that height without changing sensor alignment,
while recording a signal per grid square. Logarithmic signal
instances should then be plotted and visualized in the form
of Va¥" = In[V(1)]|;2}7, where x;,y; are the coordinates
of the (¢,7) grid location, and ty is any time instance such
that 0 < t9 < T where T is the PEC signal duration of the
available sensor. On observation, it will be possible to identify
ranges for £y where V,, shows adequate sensitivity to when and
when not being on top of reinforcement rods. This sensitivity
of V,, is what enables locating reinforcement rods embedded in
concrete. For the work of this paper, authors found ¢y = 5 ms
to be a reasonable value which provides adequate sensitivity
to V,, for the target application. Shown at the right of Fig.
is a colour—coded V,, plot (yellow indicates high V, value
and blue indicates low V,, value) demonstrating sensitivity to
reinforcement rods at the value ¢ty = 5 ms for the particular
PEC sensor used for the work of this paper.

To validate sensitivity at a selected ¢y value, it is recom-
mended to keep the sensor orientation and distance above
reinforcement rods as before, and rotate the reinforcement rods
to be at an angle to the PEC sensor as shown at the left of
Fig. 2l and repeat the experiment to plot V"’ values at the
same grid locations. Resulting of a V,y'% map having contrast
as shown at the right of Fig. |2 indicates the choice of t; is



adequate for the target application, and can show sensitivity
despite reinforcement rods not being aligned with the sensor.

C. Strategy for locating a reinforcement rod.

Shown in Fig. [3]is the strategy for locating a reinforcement
rod. Starting at an arbitrary location, the sensor should be
translated until it locates a point where a highest V,, value
results. As per the observations in subsection a highest
V. value results when the sensor is on top of a reinforcement
rod. This strategy hence locates reinforcement rods.

D. Strategy for aligning the sensor to a located reinforcement
rod.

Shown in Fig. [ is the strategy for aligning the sensor to
a located reinforcement rod. Since a PEC sensor selected for
this application will be non—circular, it was observed from
experimental results in section [[V] that a highest V,, value
results when the longer side of the sensor is aligned with the
reinforcement rod while the sensor being on top of the rod.
Therefore, after locating the rod through the strategy presented
in subsection [IlI-C] by rotating the sensor as in Fig. [ and
searching for a maximum V,, enables aligning the sensor to a
rod.

E. Strategy for quantifying overlaying concrete thickness.

Quantification of thickness of overlaying concrete should
happen after locating a rod and aligning the sensor. To enable
thickness quantification, the system should be calibrated by
obtaining a function between distance of the sensor above an
aligned rod, and V,,. Results presented in section [[V] indicate
that V, is also sensitive to distance of the sensor above
an aligned rod, which confirms that if calibrated, thickness
quantification of overlaying concrete, or simply finding the
distance to an aligned reinforcement rod is indeed possible.

Fig. 1. Setup for determining t¢g.

.

Fig. 2. Setup for validating sensitivity of Vi, at tg = 5 ms.
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Fig. 3. Strategy for locating a reinforcement rod.
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Fig. 4. Strategy for aligning the sensor to a located reinforcement rod.

1V. EXPERIMENTS AND RESULTS
A. Experiment 1: Locating a reinforcement rod.

Experiment 1 was conducted to verify the strategy in Fig. 3]
for locating a reinforcement rod by observing variations of
V. The experimental set-up used is illustrated in Fig. [5] A
sample reinforcement rod was placed at different angles from
0% to 90° with respect to the long side of the PEC sensor,
and for each angle, the sensor was translated a horizontal
distance of 36 cm as shown in Fig. 5} while the depth to
the rod from the sensor was maintained constant at 20 mm.
Results observed (i.e., variation of V,,) from this experiment
are plotted in Fig. 6] As per the results, it becomes clear that a
maximum V,, can be observed when the sensor is right above
the rod (i.e., horizontal sensor location = 0 mm as per Fig. E[),
except when the angle is 90°. The 90° case becomes slightly
complicated. What is indicated by the observations in Fig. [f]
is that it is possible to locate a reinforcement rod by means
of V,, when the angle is not 90°. If by chance the 90° case
is encountered in an application scenario, the difficulty can
be countered by translating the sensor in various directions
starting from random locations and sensor angles.

B. Experiment 2: Aligning the sensor to a located reinforce-
ment rod.

Once a reinforcement rod is located and the sensor is placed
above the rod, it is necessary to align the long side of the



00

90°

—_—
PEC sensor

movement

Reinforcement
Rod

-18-15-12-9-6-3 0 3 6 912 15 18

Horizontal distance in cm
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Fig. 6. Observations on locating reinforcement rod at sensor placed 20 mm
above the reinforcement rod.

sensor with the rod, prior to estimating thickness of any
overlaying concrete. This can be accomplished by rotating
the sensor around its centre and observing variations of V,
through the strategy illustrated in Fig. @ Experiment 2 was
conducted to verify this strategy and the experimental set—up
used is illustrated in Fig. [7] A sample reinforcement rod was
placed 30 mm right beneath the sensor as in Fig. [/, and V,,
was recorded for different angles. Variation of V,, observed
is plotted in Fig. 8] As per Fig. [§] it can be seen that the
maximums of V,, result when the rod is aligned with the long
side of the sensor while minimums of V,, result when the rod
is at right angles to the sensor. This variation suggests the
possibility of aligning the sensor by observing V.

C. Experiment 3: Obtaining a function between depth to
reinforcement rod and V.

Estimating the depth to a reinforcement rod, or in other
words, estimating the thickness of concrete or any other
non—conductive material overlaying a reinforcement rod be-
comes the final step required to accomplish wall loss estima-
tion. This can be achieved by calibrating a function between
depth to reinforcement rod and V. To investigate the existence
of a function, V,, was recorded for various depths while the
sensor and the rod remained aligned (i.e., 0° between the rod
and the long side of the sensor). Observed results are available
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Fig. 7. Experimental set—up for observing influence of sensor alignment on
Vo (note that rod orientation relative to the sensor is marked in the figure,
the experiment may be conducted either by rotating the sensor or by rotating
the rod).

-0.55

AN ANV
N/ N/

N N

0 50 100 150 200 250 300 350 400
Angle in Degrees

Fig. 8. Observed influence of sensor alignment on V,, at sensor placed 30
mm above the reinforcement rod.

in Fig. 0] and they indeed demonstrate the characteristics of
a function, indicating the possibility of estimating unknown
depths once calibrated.

In the event of any errors in alignment occurring in practical
application, such errors will influence the accuracy of depth
estimates. To verify the degree of errors that would occur
in depth estimates, V,, was recorded for various depths for
the instances where the rod is misaligned by 45° and 90°,
where the 90° case is considered as the worst case scenario.
Observed results are shown in Fig. [I0] As evident in Fig. [T0]
the function-like behaviour remains preserved all the way to
the 90° worst case scenario, and the resulting errors appear
to be acceptable. At low depths of around 5 mm, the errors
can be as high as about 5 mm, while at high depths of about
50 mm (the maximum that was expected for the work of this
paper), the errors could be as low as 2 or 3 mm, suggesting
possibility of estimating depths to reinforcement rods even in
the presence of some misalignment.



D. Experiment 4: Influence on V, by adjacent reinforcement
rods.

Since PEC sensors have a domain of influence due to
them operating by means of emitting a magnetic field, and
the function for concrete thickness estimation (Fig. [0) would
typically be calibrated using one reinforcement rod aligned
and placed vertically beneath the sensor, it becomes important
to characterize any errors that might result due to multiple
reinforcement rods being available in the vicinity of the sensor.
Quite often inside real sewer walls, parallel reinforcement rods
will be available beneath the sensor, usually on a plane that
is parallel to the sensor. To study the influence on V,, caused
by multiple reinforcement rods placed as such, the experiment
illustrated in Fig. [TT| was conducted. Three reinforcement rods
(rods of 12 mm diameter as in the rest of the experiments) were
placed aligned and parallel to the sensor. For a fixed depth to
the rods, distance x (in Fig. @) was varied from O to 15 cm
in steps of 3 cm. This was repeated for different depths so
that the influence on the depth estimation function in Fig. 9]
could be studied. Observed results are shown in Fig. [I2] and
[[3] As per the results in Fig. 2] a distance as close as 6 cm
between 12 mm rods tend to cause very little influence (i.e.,
errors of no more than to 2 or 3 mm) on the depth estimation
function for the particular PEC sensor used in this work. On
the contrary, as shown in Fig. [T3] distances as close as 0 and
3 cm appear to cause a significant influence on the depth
estimation function. One can conduct such experiments and
use observations such as those in Fig. [12] and [[3] to provide
useful recommendations on the minimum spacing between
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Fig. 9. Function between depth to reinforcement rod and V., when the rod
and the sensor are aligned.
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Fig. 10. Functions between depth to reinforcement rod and V4, in the presence
of misalignment between the rod and the sensor.

reinforcement rods that will be bearable for a particular PEC
sensor selected for a reinforced concrete assessment task.

V. CONCLUSIONS

The paper addressed the problem of condition assessment
of reinforced concrete. Strategies to accomplish the task using
PEC sensing were presented along with experimental results
which verify the strategies. A PEC signal feature (V,) was
proposed and used for the work. Experimental results showed
that V,, can be used to locate reinforcement rods, to align
the sensor to a rod, and to eventually estimate the depth
to a reinforcement rod. Based on those results, it can be
concluded that PEC sensors show great potential in reinforced
concrete condition assessment through wall loss estimation,
which is useful for demanding tasks such as concrete sewer
condition assessment, especially since certain PEC sensors
come with an established capability to readily interface with
robotic platforms. Future work should focus on employing
PEC sensors in challenging environments such as concrete
sewers to further test and evaluate the condition assessment
strategies proposed in this paper.
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