NONDESTRUCTIVE EVALUATION/STRUCTURAL HEALTH MONITORING OF
IMMERSED PLATES BY MEANS OF GUIDED ULTRASONIC WAVES

by
Elisabetta Pistone
Master of Science in Architectural Engineering, Politecnico di Torino, 2008

Master of Engineering in Architectural Engineering, Pennsylvania State University, 2010

Submitted to the Graduate Faculty of
Swanson School of Engineering in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy in Civil Engineering

University of Pittsburgh

2013



UNIVERSITY OF PITTSBURGH

SWANSON SCHOOL OF ENGINEERING

This dissertation was presented

by

Elisabetta Pistone

It was defended on
November 08, 2013
and approved by
Jorge D. Abad, Ph.D., Assistant Professor,
Department of Civil and Environmental Engineering
John C. Brigham, Ph.D., Assistant Professor,
Department of Civil and Environmental Engineering
Luis F. Chaparro, Ph.D., Associate Professor,
Department of Electrical and Computer Engineering
Irving J. Oppenheim, Ph.D.,
Department of Civil and Environmental Engineering, CMU
Dissertation Director: Piervincenzo Rizzo, PhD, Associate Professor, Department of Civil and

Environmental Enaineerina



Copyright © by Elisabetta Pistone

2013



NONDESTRUCTIVE EVALUATION/STRUCTURAL HEALTH MONITORING OF
IMMERSED PLATES BY MEANS OF GUIDED ULTRASONIC WAVES
Elisabetta Pistone, Ph.D.

University of Pittsburgh, 2013

Studies conducted in the last two decades have demonstrated the effectiveness of guided
ultrasonic waves (GUWSs) for the nondestructive evaluation (NDE), as well as for structural
health monitoring (SHM) of waveguides, such as pipes, plates, and rails. Owing to the ability of
travelling relatively large distances in dry structures with little attenuation, GUWs allows for the
inspection of long waveguides, locating cracks and notches from few monitoring points, while
providing full coverage of the cross section. Laser pulses are one of the most effective methods
to generate ultrasonic bulk and guided waves in dry structures. In this dissertation we propose a
non-contact NDE method based on the generation of broadband ultrasonic signals by means of
laser pulses to inspect underwater structures. The waves are then detected by means of an array
of immersion transducers and analyzed by means of statistical analysis to search for damages on
the wet structure of interest.

In this study we first investigated the effect of water’s depth, temperature, and pressure,
and the laser energy and wavelength on the amplitude of the laser-induced ultrasonic waves. The
results showed that the 0.532 pm wavelength is the most suitable for our applications. A good
range of nominal laser energy is comprised between 160 mJ and 190 mJ. Furthermore, the
variations of temperature and pressure have minimal effects on the ultrasonic signals. The

following phase showed the ability of the technique to detect various types of defects in an
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immersed plate, which we achieved by building in house A B-scan system, controlled by
National Instrument PXI running under LabVIEW. We designed two series of tests in which the
number of transducers, their spatial arrangement, as well as the types of features extracted from
the time, the frequency and time-frequency domain varied. By developing two unsupervised
algorithms based on outlier analysis, we revealed that the method is capable of successfully
detecting a crack and a hole-through. Next, the variation of the energy peak in the time-
frequency space was shown to decrease with a dependence on the plate thickness. A range of
peak energy was experimentally tabulated and the experimental group velocities of the first
fundamental symmetric mode were calculated for six plates of different thickness, varying
between 1 mm and 10 mm. Finally, the ability of a focused transducer to interrogate the damage
state of the original aluminum plate was shown. As predicted, our multivariate algorithm
successfully detected all the five defects devised on the plate. This work concluded with a
comparison between the two methods. The results showed that both the hybrid laser-immersion
transducer technique and the focusing technique can be successfully used for the noncontact

monitoring of immersed plates.
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1.0 INTRODUCTION

Existing structures are aging and constantly novel materials and technology of constructions are
employed for new engineering systems. Even though innovation is what potentially improves our
daily life, methods to properly assess the damage-state and, therefore, the level of safety of the
systems we are developing are needed. Nondestructive testing (NDT), also called nondestructive
evaluation (NDE), are becoming more and more attractive due to their enormous potential. The
American Society for Nondestructive Testing defines the NDT methods as those methods
employed to inspect a material, an object or system without impairing its future usefulness [1].
Therefore, NDT methods can potentially investigate the damage state of a structure without
further damaging. In literature, as well as in the industrial development side, various methods
have been studied and implemented and their use and effectiveness is based upon the application.
Nonetheless, their potential resides in the aim of detecting damage and, as a consequence,
preventing failure at a very early stage. Thus, safety is increased and costs associated to
unexpected failures are decreased. In fact, ideally, a constant or well-appointed monitoring
allows the detection of flaws at an early stage, thus leading to expenses related more to
maintenance and service rather than extensive repair. The structural health monitoring (SHM)
approach is based on the process of implementing a damage detection strategy (with the aim of
real time monitoring) for engineering structures. SHM techniques very often make use of NDT

methods. In general, effective NDT and SHM techniques should reach a level where they are



capable of detecting and quantifying damage at the very beginning, thus increasing the level of
safety of our engineering system.

This study attempts to develop a NDT method based on the generation of guided
ultrasonic waves (GUWS) by means of a laser. These waves are then detected by conventional
immersion transducers. This hybrid laser/immersion transducer technique aims at detecting
damages in immersed plates. The novelty of the research presented here is the use of laser pulses
to generate broadband omnidirectional signals in an immersed waveguide and the overall signal
processing applied to wet waveguides for damage detection purposes. The proposed NDE/SHM
scheme may overcome some of the challenges related to monitoring of immersed structures. For
instance the scan of large structures is possible without the need to install and maintain a large

number of transducers in situ.

11 MOTIVATION AND OBJECTIVE

The objective of the research presented in this work is to investigate the hypothesis that a hybrid
laser/immersion transducers system enables the inspection of underwater structures. The research
addresses the need for the prevention of failures of important structural systems such as water
mains and focuses on fundamental research that shall lead to the design of new technologies. The
long-term aim is extending the lifetime of those critical infrastructures that contain or are
surrounded by water. It is expected that the success of this research may pave the road to a new
frontier of NDT and SHM of wet large structures.

The need of this research is driven by the fact that the rupture of water mains for

example, although might be spectacular (Figure 1.1.), is too often accompanied by distress in



local communities and avoidable costs for municipalities. Water mains breaks are also the
subject of local news primetime as their impact to residential areas and businesses can be very
significant. The economic and social costs associated with pipeline breaks in modern water
supply systems (WSS) are rapidly rising to unacceptably high levels. The Environmental
Protection Agency reported that there are 240,000 water main breaks per year in the U.S. water
distribution systems causing, according to the U.S. Geological Survey, water losses in the

amount of 1.7 trillion gallons at a cost of $2.6 billion per year [2].

(a)

Figure 1.1. (a) Picturesque photo of a water main break [2]. (b) Street collapse due to a water main break [3].

To date, two types of failure management strategies are applied: prevention and reaction.
The first one is achieved by proactive asset condition assessment which, however, cannot be
extensively applied to WSS due to high cost, slow speed of inspection, and often requirement for
service interruption. Therefore, a protocol to minimize the reaction time and losses associated

with a failure is implemented. As the infrastructure ages and the price of commodities increase,



there is growing pressure on public authorities to shift the management strategy from reactive to
proactive. Undertaking more extensive and detailed inspections of underground pipes is therefore
much needed. The primary difficulty with water pipe inspection is accessibility. The exterior is
buried underground while the interior is inaccessible to conventional tools because it is a
pressurized system.

What we propose is to: use GUWSs that, in the future, can also be generated and detected
from the inside of the pipe using pulsed laser and immersion transducers, respectively, to detect
and quantify damage present on the surface or under the interior walls; apply advanced digital
signal processing (DSP) to GUWSs data for data mining, feature extraction, and damage
classification; propose the design of a prototype that may be implemented in an underwater
vehicle (UwV) to inspect pipes from the inside without service disruption, or to inspect
underwater structures.

The uniqueness of the proposed research with respect to existing technologies relies upon
the following high-risk approaches and novelties:

= exploit the ablation at the liquid/solid interface induced by immersed pulsed laser beams
for the non-contact generation of high signal-to-noise ratio (SNR) stress waves
propagating along the structures and leaking into the liquid;

= use of leaky Lamb waves for surface damage detection in plate immersed in water;

The long-term goal is to design a conceptual UwV able to distinguish among three
damage states: pristine, damaged but not critical, and critical. The latter shall lead to target
repair/replacement. The main broad impact of the project is the “natural” expansion of the
proposed solutions to large underwater systems such as pipes, submarines, ships, or offshore

platforms.



1.2 NDT/SHM OF IMMERSED STRUCTURES

In this section we report a brief review of the NDT or SHM methods used to inspect or monitor
water mains or underwater structures. The content of this section is largely excerpted from Rizzo
[4][5].

Structures containing or surrounded by water are ubiquitous in the modern world. They
can be arbitrarily clustered into the following groups: oil or natural gas offshore structures,
communication cables, pipelines, naval vessels, waterfront facilities, water mains and pipes.
With the advent of renewable energy technology, a new type of offshore structure is represented
by sea wind farms [4]. The economic and strategic impact of these structures is enormous but,
owing to the operational conditions, they are vulnerable to internal and external corrosion,
manufacturing flaws, ship anchors, and seismic movements of the sea bed. Moreover, some of
these structures are already operating beyond their designed lifetime. As such, the periodic
inspection or the permanent monitoring of structures surrounded or containing water is necessary
to avoid risks for personnel and the environment, and to minimize economic losses.

In general, the inspection of underwater structures is challenging due to tidal conditions,
weather, marine growth, visibility, and accessibility. Irrespective of the engineering system being
assessed, the inspection is carried out applying NDE techniques that closely resemble topside
NDE tools, i.e., tools that are direct applications or modifications of techniques employed in dry
conditions [6]. The modifications usually consist of waterproofing and adaptation of the
instruments to the sub-sea environment [7][8]. Several underwater structures are made of thin-
walled metallic parts.

Due to the different topology and hydraulic characteristics, several failure detection and

location techniques have been proposed for water and wastewater systems. These techniques can
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be divided according to the physical phenomenon they exploit: X-ray, magnetic, visual,
ultrasound, or acoustics. Drawbacks associated with one or more of these approaches are: slow
inspection speed, not trenchless, and the requirement for service interruption [9].

X-ray radiography uses high energy electromagnetic waves that penetrate into the object

and “sees through”. The technique has the advantage that the pictorial image from the
investigation is, to some extent, intuitive. However, safety concerns arise because of the
radiation and the high voltage necessary to generate the X-rays [10].

Magnetic Flux Leakage (MFL) requires magnets or electro-magnets to generate magnetic

flux flowing in the pipe. Defects are detected by measuring changes in the pipe’s magnetic
permeability. The main disadvantage of the MFL inspections is the bulkiness of the probes, the
energy required for magnetization, the cost, and the need to have the pipe empty [10].

Magnetic Particle Inspection (MPI), used to detect defects at or near the surface of a

ferromagnetic material, consists of magnetizing the sample and coating it with ferromagnetic
particles. Any defect in the material will affect its magnetic field and thus the position of the
particles. MPI is low cost and simple to operate. However, it is impracticable for large structures
as it requires thorough cleaning and drying of the surface. It also requires magnetization of the
entire pipe specimen [10].

Eddy currents can be used to measure wall thickness by inducing the magnetic fields in
the material. Internal inspection speed however is low and effectiveness is limited whenever the
lift-off distance between the probing devices and the structure is large [10].

One of the most growing sectors in the construction and civil engineering field is the

trenchless technology, i.e., a family of subsurface construction used to install or repair



underground infrastructure with minimal disruption of the regular activities nearby. However,

none of the above methods is feasible for trenchless inspection of freshwater mains.

Visual methods are mainly related to the use of closed-circuit television (CCTV). This is

the standard technology for the NDE of air sections of sewers (Water Env. Research Found.). A
typical CCTV system includes a color CCTV and lighting system mounted on a wheeled
carriage. The use of CCTV is limited to the pipe surface located above the flow surface and it is
mainly qualitative in nature. Image processing software is available (e.g. AQUA-selekt, AQUA-
WertMin [11]). Systems like the Panoramo 3-D, mount optical scanners that provide the same
information as digital CCTV, with the added benefit of unwrapping the pipe size [12]. For
wastewater mains, for instance, a typical inspection device is the three-stage cable-guided
swimming system called SEK developed in Germany and shown in Figure 1.2 [13]. In the first
stage, SEK inspects and measures the entire sewer line and conducts camera inspections,
recording major abnormalities such as erosion, deposits, obstacles and leaks in the gas space.
Then, a wheel-driven cleaning device eliminates deposits detected by the SEK and cleans the
sewer wall before a damage-survey device monitors the sewer, measuring joint widths, pipe
offsets and cracks with greater accuracy than the first stage. A major problem with video
imaging is the effect that lighting and perspective can have on the appearance of a defect. The
quality and angle of lighting provided during the inspection directly impacts the operator's ability
to accurately diagnose pipe defects. For instance, shadows created by lighting can create the

mirage of multiple fractures or holes.



Figure 1.2. SEK prototype [13].

Active sound methods like sonar are used in both dry and wet portions of sewer systems

to provide pictorial evidence of sewers beneath the flow line. Sonar can generate a 360-degree
outline of the interior of a filled pipe. Sonar requires more specialized service than CCTV, and it
only allows the surface profile to be seen [14].

Passive sound detectors are used for leakage detection by sensing sound or vibration

generated by water as it escapes from pipes under pressure. Traditional techniques have relied on
the detection of leakage from above ground using accelerometers or hydrophones attached at
strategic locations [15]. Sahara (Figure 1.3) is a pigging technology devoted to leak detection

[16].

Figure 1.3. The Sahara system [12].



A sensor mounted on an umbilical cable is introduced into the pipe. The sensor travels
along with the flow; as it passes it generates a sound for any leak it detects, thus giving an
indication to the operator. The umbilical cable allows its position along the pipe to be controlled
precisely [12]. BHRSolution’s developed the HearLeak pig that is similar to the Sahara system.
This device fits tightly to the pipe and may disturb sediment [17]. This system is also tethered,
which limits its use and flexibility.

Conventional ultrasonic testing (UT) such as local thickness gauging, uses bulk waves

and only tests the region of pipe below the transducer. The requirement for scanning makes this
inspection time consuming.
The passive detection of ultrasonic waves generated by material cracks or dislocation is

described as an Acoustic Emission (AE) technique. In pipes, the waves may be generated by

friction, crack growth, turbulence, leaks, or corrosion. Sensors can be made by piezoelectric
transducers, hydrophones, or accelerometers. AE monitoring requires the presence of an “active”
defect such as a moving dislocation or a growing crack to be detected [18-22]. Therefore, the
technique is suitable to detect damage onset and/or propagation but cannot detect existing or
“silent” damage.

Finally, large diameter Prestressed Concrete Cylinder Pipes (PCCP), if internal inspection
is viable, can be sounded using either primitive tools or more sophisticated impact-echo
equipment. If human entry is not feasible, then acoustic emission monitoring for wire breaks
could be considered. However, the method is time-consuming and applicable only to PCCP.

In recent years, the use of GUWSs was proven efficient for the NDT / SHM of
waveguides. Owing to the ability to travel relatively large distances in dry structures with little

attenuation, GUWs allows for the inspection of long lengths of waveguides, locating cracks and



notches from few monitoring points, while providing full coverage of the cross section [23-27].
Therefore, they represent a very promising method to be employed. Finally, they can travel long
distances with little attenuation. Few studies presented the use of GUWSs for underwater
structures [28].

Na and Kundu [29] devised an innovative transducer holder to activate flexural
cylindrical waves for damage detection in underwater pipes. Mijarez et al. [30] developed a
waterproof transmitter and a seawater-activated battery package to monitor the tubular cross-
beam members used in offshore steel structures. Bingham et al. [31] studied the use of Lamb
waves to detect limpet mines on ship hulls. The whole idea is to prevent the approach of a
swimmer to a ship, in order to ensure the security of the vessel during navigation. They
developed robots carrying ultrasonic sensors that are attached to the ship hull above the water
line. These robots have the capability of sending high power signals that are guided along the
hull surface and that are received by a sensor placed on another robot. They used a signal
processing technique called the Dynamic Wavelet Fingerprint Technique in order to synthesize
the guided wave information in a two-dimensional binary image. Since the interpretation of the
signals may become extremely complex, they also developed a parallel 3D elastic wave
simulation using the finite integration technique. From a theoretical point of view, if a mass is
present on a ship hull, there is an increase in thickness of the ship hull, and so this actually
changes the velocity of the guided wave mode taken into consideration (speed up or slow down,
depending on the mode selected). Since the arrival time of the wave can be calculated, if there is
a delay in time, a mass can be present in the field. Wavelet are particularly appropriate for this

application because they take into account (and display) both time and frequency. They run four
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tests on a mock-up of a ship placed in dry conditions. They simulated the mine with a weight and

four magnets for a total of 3kg that was placed on the underside of the ship.

1.3 STRUCTURE OF THE DISSERTATION

This dissertation is organized as follows. The theoretical background about GUWSs and laser
ultrasound is presented in Chapter 2.0 . The fundamental research, which includes the study of the
effects of water absorption, laser energy, temperature and pressure on the amplitude of the laser-
generated waves is presented in Chapter 3.0 . The development of a remotely and automatically
controlled hybrid laser-immersion transducer system used to inspect immersed plates is described in
Chapter 4.0 . In particular, four immersion transducers were used as receivers and four artificial
defects were devised on an immersed plate. A SHM algorithm was developed to discriminate the
presence of such defects. In the same chapter, an analysis which includes an expanded version of the
SHM algorithm, a new transducer setup as well as an additional type of defect is presented. Chapter
5.0 presents a study conducted on the frequency content of laser-generated waves in plates of
different thicknesses. Chapter 6.0 describes a study condu