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ABSTRACT

Concrete pipes constitute an integral part of the buried infrastructure, and non-
destructive testing (NDT) plays an important role in their maintenance effort. Impact
echo (IE) is a well-established NDT technique that is widely used for the investigation of
concrete structures. In this technique, the thickness (or resonant) frequency is first
measured by inducing (compression) P-wave into the structure using an impact source
and recording the elastic wave generated using an accelerometer. From the knowledge of
P-wave velocity of the medium, the unknown thickness and subsurface defects are then
established. To effectively apply this technique, the transducer should be properly
coupled with the surface. However, this often becomes a difficult task due to the poor
surface quality of concrete. Alternatively, instead of capturing the elastic wave with a
contact-based transducer the leaky acoustic wave that accompany the elastic wave is
captured with a microphone and the thickness frequency is calculated. This non-contact
variation of IE is called the air-coupled IE (ACIE) and it has been shown to be effective
for testing plate like concrete structures (e.g., pavements and bride decks). In this
dissertation, the feasibility of ACIE for the NDT of buried concrete pipe is investigated.
The investigations are conducted in two stages. First, numerical modelling is conducted
to test the effectiveness in pipes and then experimental validations are conducted. A
structural-acoustic coupled finite element model is created using the COMSOL

Multiphysics software, and the propagation of elastic and acoustic waves in a fluid-filled



concrete pipe is simulated for standalone and buried pipe. The effectiveness of ACIE is
studied when a pipe is surrounded by soil. Two types of soil surrounding the pipe studied
to learn more about the quality of the data that might be anticipated from ACIE technique
inside the pipe. Using these models, various aspects of ACIE are studied and its
performance against the conventional IE is compared. Following the numerical
verifications, two laboratory tests setups are constructed with a standalone and buried
reinforced concrete pipes (RCP) and ACIE is demonstrated using them. The (unknown)
wall thickness is calculated in each case and the results are compared against the
conventional contact-based technique. While the presence of soil caused energy losses
which affected the amplitude of acoustic wave, it was enough to be detected with good
signal to noise ratio.

Several enhancements to improve the performance of this technique are studied.
For instance, a way to improve the signal-to noise ratio of the acoustic signal is
investigated using noise suppressers. For rapid implementation of technique and fast data
gathering a semi-automated ACIE setup is also developed. Finally, the ability of the
technique to detect several commonly occurring problems in a concrete pipe is
investigated.

In summary, ACIE technique shows promising results for buried pipe testing.
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CHAPTER 1

INTRODUCTION

1.1  Background and motivation

Concrete pipelines constitute a critical part of the buried infrastructure. It comes
in several types including Reinforced Concrete Pipes (RCP) and Prestressed Concrete
Cylinder Pipes (PCCP). The bulk of these pipes have outlived their design life and must
be repaired [1], and non-destructive testing (NDT) plays a crucial role in this repair
process. The American Society of Civil Engineers (ASCE) gives a grade of “D” for the
overall condition and capacity of the nation's wastewater infrastructure in its 2021 report,
indicating a need for significant improvement and maintenance [2]. The U.S.
Environmental Protection Agency (EPA) estimates that more than $743 billion in
investments will be needed by the year 2035 to maintain and upgrade this infrastructure
[3].

NDT concrete pipes is a mature field. A variety of techniques that are based on
several physical principles are available to investigate these pipes. For example, ground
penetration radar [4], X-ray [5], thermography inspection [6] with electromagnetic wave
[7], are some of the techniques currently available today. Among those, techniques,
mechanical (or stress) wave-based methods constitute an important category because we
can use them to not only detect subsurface defects but also estimate the material
properties of the underlying medium to a certain extent. Among the stress wave methods,

1



Impact Echo (IE) [8], Spectral Analysis of Surface Waves (SASW) [9], and Multichannel
Analysis of Surface Waves (MASW) [10] are that popular methods that are widely
employed to test concrete structures in general. These methods allow us to detect sub-
surface faults like cracks and delamination and the unknown wall thickness, and material
characteristics of the structure [11], [12]. However, SASW requires the knowledge of
Rayleigh wave velocity of the medium [13]. Since this technique is based on averaging
the individual modes to calculate the wave speed, it often introduces errors in the
calculations. On the other hand, MASW approach can discriminate individual modes. It
has been used recently to calculate the unknown mechanical properties of concrete pipes
[14]. However, this method requires data collected using a large number of sensors in
order to properly generate the dispersion curve which could be time consuming and labor
intensive [15]. Comparatively, IE only requires a single sensor to collect the waveform
from a structure and the signal processing required is also relatively easier. Thus, it is the
most popular stress wave method used for testing concrete structures.

In IE, the compression wave is induced on the surface of a structure using a ball -
hammer. An accelerometer is placed next to the source to receive the signal. Then
thickness frequency is computed by transforming the time-domain signal received by
accelerometer into frequency domain, from which the resonance (or thickness) is
calculated.

The IE method has been used to determine the thickness and subsurface defects in
concrete pipes [16], [17] . Thin-walled PCCP pipes have also been investigated [18] and
cavities outside sewer pipes have been detected using this method [1]. However, there

are certain challenges associated with IE. For example, maintaining an adequate physical



contact between the transducer and the structure is crucial for obtaining reliable results,
but this becomes harder in a concrete pipe because of poor surface quality. Improper
coupling often results in unreliable results. Thus, a non-contact-based reception of signals
becomes important to improve the quality of inspection. There are several ways to
capture the signal from a structure without contacting the surface.

One approach to overcome the limitation of IE method is to employ the non-
contact-based sensor. To study the attenuation of the concrete-based material a laser and
ultrasonic technique has been applied in the past [19]. But employing these techniques
due to the poor surface quality which limits the application [20].

Air-coupled IE (ACIE) is an alternative approach that has been investigated for
concrete [21], [22]. Where the leaky acoustic waves that accompany the stress waves are
captured using a microphone instead of using an accelerometer. While air-coupled
reception of acoustic waves in the high ultrasonic frequencies could be difficult to
accomplish on a concrete structure, it has been shown the frequencies in the sonic to low
ultrasonic range less than 60 kHz can be effectively captured on concrete [23].

ACIE has been investigated for NDT of concrete structures such as bridge decks
[24], [25], pavement [26]. However, it has not been explored for concrete pipes yet.
Thus, the objective of this project is to investigate ACIE as a tool for the NDT of
concrete pipes. While the primary objective of this research is to replace the contact-
based receiver used in IE with a non-contact transducer (microphone), the impact source
is still manually operated, and it is difficult to control the impact force via manual ball

hammer. In past, electrically and pneumatically actuated impactors employed for IE to



overcome this limitation [27] . Therefore, to produce the impact in controlled fashion a

semi-automated ACIE system using solenoid impactor is also explored.

1.2  Objectives
The overall goal of this research is to investigate the feasibility of ACIE technique
as a tool for the NDT of buried concrete pipes. Research conducted here is limited to
RCP pipes only. The investigations are carried out in four stages:
I.  First a feasibility study is conducted numerically by simulating ACIE in
an RCP pipe using the finite element-based tool.

Il.  The proof- of — concept experimental demonstration is conducted using
laboratory experiments. The experimental results are used to validate the
numerical results.

1. Detailed parametric study to find optimal location of microphone with the
pipe has been completed.

IV. Investigation to suppress noise and improve signal to noise ratio has been
completed.

V. A semi-automated test setup is developed to enable ACIE implementation
in a compact, cost effective and rapid tool.

VI.  Analyze practical ability to detect common pipe wall defects.

1.3 Dissertation outline

This dissertation has seven chapters. Chapter 1 contains introduction, objectives, and

organization of the dissertation.

Chapter 2 describes working principle involved for conventional IE and ACIE



techniques.

Chapter 3 discusses the introduction to numerical simulation using time domain based

Finite element modeling.

Chapter 4 discusses experimental work and the results obtained from lab work. Two
RCP pipe segments have been tested and proof-of-concept for experimental

demonstration conducted using laboratory experiments.

Chapter 5 describes a semi-automated ACIE system developed using MEMS

microphone.

Chapter 6 discusses the feasibility of ACIE technique to detect common pipe wall defects

using numerical modeling.

Chapter 7 provides the summary with discussion of the conclusions.



CHAPTER 2

IMPACT ECHO AND AIR COUPLED IMPACT ECHO: AN
OVERVIEW

Impact echo (IE) is a well-known non-destructive testing (NDT) method that is
widely used to evaluate the condition of concrete structures including tunnel [28], beam
[29], bridge decks [30]. It is a fast, reliable, and cost-effective method for assessing the
condition of concrete without damaging structure. In the past, this method has been
extensively used to investigate plate-like structures. Here we focus on pipes. When a
concrete pipe is excited with a point impact (steel ball), it results in the production of two
different types of guided waves that move along the length of the pipe and along the
circumference [10] as shown in Figure 2-1. These waves are referred to as the
longitudinal wave and circumferential wave, respectively. Apart from these guided
waves, however, there is also a local resonance of P-wave across the pipe wall beneath
the impact location. When P-wave reaches the inner and outer surfaces of the concrete
pipe, they reflect off of these surfaces and create multiple reflections. Thus, a local
resonance is produced. This resonance frequency is called as the thickness frequency
[31]. IE testing is able to detect small defects that may not be visible from the surface.
Defects such as cracks, delamination’s, voids can be detected by the IE and unknown

wall thickness can be calculated.



Impact echo
resonance

Full Pipe Section View

Figure 2-1: Classification of elastic waves in concrete pipe [10]

The P-wave velocity (V) in an isotropic and linear elastic material is related to

mechanical properties is given by [32]:

B E(1-v)
Ve = \/p(l o)1= 20) Eg.2.1

where, E is Young's modulus of elasticity, p is density, v is the Poisson's ratio.

Earlier impact echo studies were primarily conducted in the time domain, which
involves measuring the response of the structure to the applied impact in terms of time.
However, over time, researchers found that frequency analysis can provide more detailed
and accurate information about the structure condition [33]. By analyzing the response of
the structure in frequency domain, it is possible to identify the specific frequency at
which the P- wave resonates. Additionally, frequency analysis can also help to filter out
noise and unwanted signals, which can improve the overall accuracy of the test. A

general schematic of IE and ACIE is represented in Figure 2-2.
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Figure 2-2: Schematic of IE and ACIE method

While in IE test an accelerometer is used to capture the surface displacements and
in ACIE testing a microphone is used to capture the acoustic wave induced. Both
transducers are placed near the source of the impact. The transducer converts the
mechanical motion of the structure into the electrical signal, which is then recorded in the
time domain. Then it is converted into a frequency spectrum using Fast Fourier
transformation (FFT). The thickness frequency f;, the unknown thickness (h) of the

structure is calculated using following [33]:

= V;J Eqg. 2.2
2f, a-<

Later on, to overcome the discrepancy with the experimental data, an empirical

h

correction factor (B) was introduced to improve the accuracy as [34]:

BV

h="2
2ft

Eqg. 2.3

There are three unknowns in the above equation i.e., V,,h, and f; and knowledge

of two is required to calculate third. In this study, the 1}, that was determined through the



application of the multichannel analysis of surface waves (MASW) technique was used
[10].

If the pipe has multiple layers, the amplitude of the reflected (Arer) and
transmitted (Atwan) Wave at an interface between two mediums can be calculated using the

difference in their acoustic impedances according to Equation 2.3 and 2.5 [17]:

A =274 Eq.2.4
ref =7, + 2, <
27,
Atran = m Eq 2.5
2 1

where, Z; & Z, are acoustic impedance of two mediums. For example, if medium
1 is concrete with an acoustic impedance 9.2 * 10° kg/m?s and medium 2 is soil with an
acoustic impedance of 1.6 = 10° kg/m?s, then for a P-wave inside i.e., at the
concrete/soil interface, approximately 67 % of the wave energy is reflected and the
remaining 33 % is transmitted through the interface. However, at concrete/air interface,
approximately 100 % of the wave energy is reflected due to huge difference in acoustic

impedance.

2.1 Instrumentation
Instrumentation used in IE method is composed of three main components: the
impactor, the receiving transducer, and data acquisition system. These components are

described next.
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211 Impactor

Pipe is excited by an impactor. Several types of impactors including steel ball
hammer, piezoelectric actuator, or pneumatic actuator are used to excite the pipe. Steel
balls are relatively inexpensive and widely used for IE testing. The frequency content
generated by a steel ball is related to contact time (tc) of the impact hammer. Typically,
the contact time of the impact varies from 20 us to 80 us [35]. Diameter of the ball is
another factor that influences the maximum frequency generated and can it be estimated

using the following set of equations [18]:

1.25
o = Eq. 2.6
te
t, = 0.0043d Eq.2.7

where, d is the diameter of the ball. It can vary from 3 mm to 19 mm. A small-
diameter ball hammer can produce higher frequencies than a large ball. So, the ball has to
be chosen carefully to such that the frequency content produced is higher than the
thickness frequency expected.
2.1.2 Transducer

The time-domain signal generated in the pipe recorded by a broadband
displacement-based transducer, like an accelerometer which require physical contact to the
surface. For non-contact recording, microphones are utilized. A brief description of these
two are given next.

2.1.3 Contact transducer

These transducers are attached to the pipe surface to measure the surface
displacement induced due to elastic waves. They have a piezoelectric element inside a

housing that senses mechanical vibrations and turns them into electrical signals. To
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effectively apply this technique, the transducer should be properly coupled to the surface.
However, this often becomes a difficult task due to the poor surface quality of the
concrete. This issue can be addressed through surface preparation or by using adhesive
mounting techniques.

The placement of the transducer is also crucial. If the source and receivers are
positioned too far apart, good quality signal may not be captured. The optimal distance
between them should be about 0.2 to 0.4 times the thickness of the pipe [34].

214 Non-contact transducer

Non-contact transducers do not require surface preparation and microphones are
commonly used to record leaky acoustic waves accompanying the elastic wave. In general,
the magnitude of this wave is much lower due to acoustical impedance mismatch between
air and solid. So, the signal has to be amplified electronically. Signal processing techniques
used here are similar to a contact transducer. Dynamic and condenser microphones are
commonly used for this purpose. Micro-Electro-Mechanical Systems (MEMS)
microphones are increasingly gaining attention because to their miniature size and low
price and high sensitivity [36].

2.15 Data acquisition system (DAQ)

A data acquisition system is the last component used. For laboratory testing, an
oscilloscope was used as DAQ along with a signal conditioner and a computer. The signal
conditioner amplifies, filters and conditions the signals prior to sending it to oscilloscope.

In this chapter, the basic principles of IE and ACIE techniques were discussed. The

next chapter will deal with numerical modeling of these techniques.



CHAPTER 3

NUMERICAL MODELLING OF AIR COUPLED IMPACT ECHO

3.1 Introduction

This chapter describes numerical modeling of IE and ACIE method. Finite
Element Method (FEM) is widely used for modeling elastic and acoustic wave
propagation [37], [38]. The elastic waves propagate on the concrete surface. However,
concrete is inhomogeneous material and scattering of these waves caused by pores and
aggregates, has been shown to have a lower significance in impact echo measurements at
frequencies below 60 kHz compared to higher frequencies between 60 kHz and 200 kHz
[23]. The maximum frequency generated by a steel ball impact on concrete is typically
around 50 kHz [10]. Thus, this study has assumed that concrete as well as soil a linear
elastic, isotropic and homogeneous material for the purpose of testing at frequency below
60 kHz.

In the beginning a 2D model of ACIE is developed using COMSOL Multiphysics.
Then it is expanded to a 3D model. The outcomes (thickness frequency) calculated from
models are compared. A parametric study is then performed by changing the mechanical
properties of pipe. The feasibility of ACIE in buried pipes was examined. The effect of

two types of soil cover around the pipe was analyzed.

12
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3.2  Governing equations

In an elastic-acoustic system, waves in solid structures are governed by the Navier
stocks equation. In fluids, waves are described by the scaler wave equation. At the
interface between two mediums, continuity conditions are applied. The domain is
terminated in buried pipe model using absorbing boundary conditions (ABC) to simulate
in finite domain and to prevent unwanted reflections from the boundary. Next, the
governing equations and boundary conditions that were implemented are discussed
briefly.

3.21 Elastic domain:

Under the assumption of small deformation, the material was modeled as a linear
elastic domain with isotropic properties. The stress-strain relationship for an isotropic
material is described by the following constitutive matrix equation [39]:

op = Cp. &g Eqg. 3.1
where oz is Cauchy stress tensor, &5 is strain tensor and Cy, is the constitutive
matrix. For a linear elastic material with isotropic properties, the stress and strain tensor

are related by the constitutive matrix and its components are given by:

Eq.3.2

OOoO®' O OO

oOT|" OO OO
'FOOOOCID

here 2 and x are Lame’s coefficient’s and describe the mechanical properties.

They are expressed as the modulus of elasticity, E, Poisson ratio v, and shear modulus, G

by [40]:
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1= vk Eq. 3.3
“ U+ u)(1-2v) q-e
=G = £ Eq. 3.4
K==+ g
The governing equation for elastic domain is given by [44]:
- d%u
VTGE + bE == 'DETZE Eq 35

here V is the differential operator, by is body force (not included in model), pg is
the density, ug are the displacements in the elastic domain.

The outer boundary of the pipe is modeled as traction-free when the soil layer is
not included. To simulate a buried pipe, PML boundary conditions are applied to the
outer boundary of soil[45].

3.2.2 Acoustic domain

The acoustic domain is described by the acoustic wave equation, with an
assumption that the fluid is compressible and non-viscous. Three differential equations
are needed to obtain the acoustic wave equation as mentioned below [41]

The equation of motion:

0%up(t
Po a;( )4 7pr©) = 0 Eg. 3.6
The equation of continuity:
dpr(t) dur(t)
= Eq. 3.7
T + poV T qr(t) q

and the constitutive equation,

pr(t) = c§pr(t) Eq. 3.8
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here up(t) is the displacement, pz(t) is the dynamic pressure, pg(t) is the
dynamic density, g (t) mass per unit volume, p, is the density and c,is the speed of the
sound. 77 denotes the gradient of the variable.
The acoustic wave equation, which describes the behavior of sound waves in a

fluid, is obtained by combining and linearizing three differential equations is given by

[41]:

a%p ap

atZF — c2V?pp = cga_: Eqg. 3.9
3.2.3 Interface between acoustic and elastic domains:

At the boundary between the acoustic and elastic domains, coupling conditions
are necessary to ensure continuity of displacements and stresses. The continuity is
expressed as [41]:

Ug/m = Up/n Eqg. 3.10
Op/m = —PF Eqg. 3.11
where uy and uy are the displacements in elastic and fluid domain, respectively,
and (E denotes elastic domain and F denotes fluid domain), oy is the stress, pg is the
dynamic pressure, and n denotes the normal component.

The normal displacement components of both domains must be equal at the

interface, and (Eq. 3.11) the normal stress in the elastic domain, which must be equal to

the negative of the fluid pressure.

3.3 Impact
The impact force is the most important aspect of the ACIE test. In previous
studies, several force functions were utilized to approximate the force injected into the

pipe [42], [43]. A steel ball is used as an impactor to generate elastic waves. As
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mentioned in Chapter 2, the highest frequency that can be excited by this impactor given
by (Eq. 2.6 and Eq.2.7) depends on the diameter. For example, a 10 mm steel ball will
generate the highest frequency of around 29 kHz, which can be influenced by the
duration of the point impact. The duration of impact on concrete affects the frequency
range generated due to vibration. As it shortens, the generated pulse contains higher
frequency (shorter wavelength) components. However, pulses produced by shorter
duration impacts have limited penetration ability in concrete. Therefore, it should be
selected in such a way that the generated pulse contains wavelengths greater than the
thickness of the structure [33].

There are different force functions used to simulate point impact in the literature
including half-cycle sine curve [44], the first derivative of the Gaussian pulse [45], and
the Ricker wavelet (also known as the second derivative of the Gaussian function) [46].
Of these, the Ricker wavelet is preferred because it does not have DC content. In
addition, the frequency generation can be controlled by a single variable that represents
peak frequency [47]. It is defined by the following equation [48]:

F(t) = (1 - 2n2f2t2)e ™ It Eq. 3.12
where, f, is the peak frequency of the spectrum. The impact is applied normal to
the surface of the structure. It is crucial to choose the appropriate f, so that it represents
actual spectral content generated. Three synthetic wavelets are presented in Figure 3-1 to
study low (f, = 5 kHz), medium (f,, = 10 kHz) and high (f, = 15 kHz) and their
corresponding spectrum. The low f,, covers up to 16 kHz, medium up to 32 kHz and high

fp cover up to 47 kHz of the frequency range.
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Figure 3-1: Representation of low-, medium-, and high-frequency wavelets and their
frequency spectrums.

3.4  Computational mesh size and time steps
In numerical modeling, selecting appropriate time step (6t ) and mesh size is crucial to
obtain accurate results. Finer mesh will provide accurate solutions; however, it will also
require more computational resources [49]. Therefore, it is crucial to strike a balance
between the accuracy and computational time requirements. The integration time step is

selected according to the following equation [50]:

1
2 Ofmax

where f,,4, denotes the highest frequency of interest. In addition to the integration

ot Eq. 3.13

time step another important factor is the size of the elements, denoted by the notation [,.
An equation used to determine the appropriate mesh element size is mentioned following
[50]:

_ min Eq.3.14
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here A,,;» is the shortest wavelength and N denotes the number of elements per wavelength.
A wide range of N is found in the literature including 6 [51], 10 [52], and 20 [50]. A mesh
refinement study is performed to choose the appropriate mesh element size for the

numerical model (described later).

3.5  Model 1: 2D model with a standalone pipe
Figure 3-2 illustrates the simulation of pipe model filled with fluid. Concrete is
represented as an elastic domain and cavity is represented by the acoustic domain. The
dimensions of pipe used is 0.76 m in outer diameter and 0.68 m in inner diameter. This
represents a commercially available RCP [53]. These pipes are often used for storm

drains and sewer systems.

Concrete

Traction free boundary

Acoustic
domain

Figure 3-2: Schematic of numerical model used to simulate ACIE in a fluid filled
concrete pipe (without soil cover).
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The outer boundary is treated as traction-free. Impact point and transducer should be
0.2 to 0.4 times the thickness of the pipe [54]. Impact force was applied to the bottom
of the pipe to record the elastic and acoustic domains near the impact point at two
nodes, n, (elastic) and n, (acoustic). The elastic properties of concrete are tabulated in

Table 3-1[35].

Table 3-1: Elastic properties of concrete.

, Density Young’s . .
Material (ka/m3) modulus (GPa) Poisson’s ratio
Concrete 2300 33.1 0.2

For simulating the transient impact, a high frequency Ricker wavelet has been used to
excite the resonant frequency. A mesh refinement study has been performed to compare
the thickness frequency obtained for different mesh sizes for accuracy and reliability. For
example, Figure 3-3 shows the computed thickness frequency for different mesh sizes for
acoustic and elastic domains. The wavelength is related to frequency relation given by:

%
Eq.3.15

Amin = F
‘max

where F,, ., 1S maximum frequency needs to be resolved, V' is velocity i.e., air velocity
(Vz) and P-wave velocity (V) is considered 340 m/s and, 4000 m/s, respectively. Using
Eq.3.15 the shortest wavelength computed in elastic and acoustic domain is 80 mm and 7
mm. It is necessary to utilize the finest possible mesh to simulate the smallest wavelength
in a waveform. This was determined by gradually decreasing the mesh element size from
25 mm to 1 mm for the elastic waves and from 7 mm to 1mm for acoustic waves. The

results did not vary significantly when the element size was reduced below 5 mm and 3
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mm for elastic and acoustic waves, respectively. The final chosen mesh size is indicated
in Figure 3-3a and Figure 3-3b. The simulation was run for 1000-time steps (2 us) for a

total duration of 2 ms.
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Figure 3-3: Mesh refinement study: (a) Elastic domain and (b) Acoustic.

3.6  Model 2: 3D model with a standalone pipe
A 3D model of standalone pipe is developed next. Usually, RCP pipe segments are large,
around 2m, to 2.5 m in length as per ASTM- C76 [53]. Since modeling such a large pipe
requires a large amount of computer resources. So, the size of the model is reduced by
PML boundary. Only a short length of the pipe is modelled. A 0.5 m long segment with a

thickness of 0.076 m is considered, as shown in Figures 3-4.



21

/Traction free boundary

PML

Figure 3-4: Schematic of the 3D numerical model

The impact source is created on the inner surface in the middle at the selected node using
Ricker wavelet. Elastic waves are recorded at a distance of 2 cm from the source, and the
acoustic signal is collected 2 cm above the surface. The simulation runs for 1000 constant

time steps (2 ps) for a total duration of 2 ms.

3.7  Model 3: 2D model with a buried pipe
Model 1 of the standalone pipe is expanded to include a layer of soil, as shown in Figure
3-5. The outer boundary of the soil is terminated with a PML boundary to simulate an

infinite domain.
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Figure 3-5 Sketch of the FEM model with concrete pipe surrounded by soil layer.

3.71 Soil properties

The soil surrounding a buried pipe can have varying properties due to factors such as soil
type, moisture content, compaction, and construction method used. The type of material
and soil compaction level varies depending on the installation type (Type I, Type II, Type
I11, and Type 1V) [55]. The various types of concrete pipe installation are mentioned in

Table 3-2:
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Table 3-2: Types of soil installation.

Type |

Type II:

Type III:

Type IV:

This type requires a well compacted and select granular soil for
the bedding zone. This type is cost-effective therefore mostly
used for concrete pipe (> 1.5 meters in diameter) buried deep.
In this type, native soil is used mainly in the haunch and
bedding zones with proper soil compaction. A 3-inch bedside
layer is minimally required to save the pipe form placed directly
on the hard subgrade.

In this type of installation generally, granular, and native soil is
used in haunch as well as bedding. Sometimes, adequately silty
clay is also used in the haunch zone.

This type is used for the most cost-effective design approach
with minimum compaction and backfill requirement except the
silty clay soil used in the haunch and outer bedding zone. The
clearance between pipe walls and the side of the trench should
be greater than outer diameter/6 i.e., > 0.D. /6.

Taking the above factors into account, two types of soil, A and B, are chosen for

numerical simulation. Their mechanical characteristics are described in Table 3-3[56].

Table 3-3: Properties of soil.

Material Density Young’s modulus  Poisson’s Ratio
(kg/m?® (MPa)

Soil A 2000 300 0.2

Soil B 2000 138 0.2

The simulation is run for 1000 constant time steps of 2 ms duration with a

maximum mesh length of 3 mm in the elastic domain and 2 mm in the acoustic domain.
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3.8 Results and discussion

3.8.1 Model 1 & Model 2

A snapshot from the numerical model at a specific time step is shown in Figure 3-
6. As seen, an elastic wave formed inside the pipe wall leaks into the fluid inducing an

acoustic wave.

Leaky
acoustic wave

Elastic wave

Figure 3-6: Enlarged 2D image of the IE response of the concrete pipe without the
surrounding soil layer.

As the stress wave propagates along the wall, it couples with the acoustic wave
along the interface. The elastic wave undergoes a resonance near the impact source, and
at each cycle a corresponding acoustic response is generated into the fluid. Thus, it is
possible to extract the resonance frequency by recording this leaky wave. To further
understand its propagation, the output at three different times, i.e., 300 us, 600 ps, 900
us, is presented in Figure 3-6. As observed, the acoustic wave emanating from impact
point at the bottom of the pipe travels all the way to the top and reflects back. Since pipe
acts like a cavity, the acoustic waves could undergo back and forth reflections. It has
been noticed that the reflections from the top of the pipe wall do not appear to have any
effect on the signal that is received in acoustic as well elastic domain. This is going to
take place because the velocity of the leaky acoustic wave in fluid (air) is 340 m/s, and
the velocity of the P-wave in concrete pipe is 4000 m/s as mentioned in table 3-1. P-wave

velocity is 11 times faster than the velocity of acoustic waves. Thus, the reflections from
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the opposite wall take a long time to reach the point where acoustic signal is sampled and
this prevents clutter in the data. However, the reflection of acoustic waves may interfere

with the signal in both the domains, if the pipe has a smaller diameter.

(c)

Figure 3-7: 2D graphs of the IE response of concrete pipe a) 300 us, b)600 us , ¢)900
Us.

The time-domain waveform is recorded and normalized to obtain frequency
spectrums using the Fast Fourier Transform (FFT), as shown in Figure 3-8. The received

signals were down sampled using a Hanning window considering 1 ms signal length.
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Figure 3-8: Transient response of 2D concrete pipe a) waveforms, b) frequency
spectra.

As shown in Figure 3-8b, the elastic and the acoustic domain spectrum had a
distinct peak representing the thickness frequency at 24.9 kHz. Using this thickness
frequency and the known thickness (used in the numerical model) of the pipe, we have
calculated the velocity of the P-wave (3969 m/s). The result was close to the theoretical
value of thickness frequency (25.1 kHz) and the velocity (4000 m/s) listed in Table 3-1
with 1% difference. However, model 2 resulted in thickness frequency of 25.2 kHz which
was nearest to the theoretical value as shown in Figure 3-9. The results are summarized in

Table 3-4.
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Figure 3-9: Transient response of 3D concrete pipe: a) waveforms, b) frequency
spectra.

Table 3-4: Summary of results from a standalone pipe.
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Parameters Model 1 Model 2 Theoretical value
f: (kHz) 24.9 25.2 25.1
h (m) 0.077 0.076 0.076

In conclusion, results obtained using models 1 & 2 are in agreement. Next a

parametric study is conducted for different material properties.
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3.8.2 Parametric study

Model 1 is used for this study. It involved changing two material properties:
Young's modulus from 28 GPa to 38 GPa, and Poisson's ratio from 0.18 to 0.22. The
density of the material was kept constant at 2300 kg/m?®. Figure 3-10 shows the
normalized frequency spectrum with a clear thickness frequency peak. The results
showed that the thickness frequency in the elastic and acoustic domains for these two

properties were 22.7 kHz to 27.03 kHz, with a difference of concrete modulus.

o E=28 GP;:,:? —0.18 » —Acoustic
S —Elastic
©
2
NO.5
©
£
S
o
=<
0 L L —
0 10 20 30 40 50
Frequency (kHz)
s E=33 GP;1,19 =0.2 ' » ;Acoustic
= —Elastic
©
°
o
N
©
£
S
o
=
0 10 20 30 40 50
Frequency (kHz)
o E=38GPa,® =0.22 ' —Acoustic
£ —Elastic
©
°
)
N
©
k=
1
o
Z 1 L
0 10 20 30 40 50

Frequency (kHz)

Figure 3-10: Comparison of the thickness frequency with different material properties



29
The calculation of P-wave velocity using Eq. 2.3 and the thickness frequency
results in between 3603.6 m/s and 4343.1 m/s. Further, Pipe thickness was calculated
using these velocities and the thickness frequencies as mentioned Table 3-5. The
calculated pipe thickness was 0.077 m, which is found to be very close to the known

thickness of 0.076 m used in the numerical model.

Table 3-5: Effect of different material properties of pipe on thickness frequency.

Young’s . R . Thickness :
Poisson Density P- wave velocity
S.No. modulus ratio (kg/m?) frequency (m/s)
(GPa) g (KHz)
1 28 0.18 2300 22.7 3603.6
2 33 0.2 2300 24.7 3952.8
3 38 0.22 2300 27.03 4343.1

The results showed that the IE and ACIE method can provide accurate results
even with variations in the concrete's mechanical properties, demonstrating the method's
robustness and reliability of ACIE.

3.8.3 Model 3

The study of buried concrete pipe using model 3 is also discussed, with output

response at 300 us, 600 us, 900 us, is presented in Figure 3-11. As observed, some

amount of energy of waves transferred to the soil at concrete/soil interface.
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(a) (b) (©

Figure 3-11: 2D plots of IE response of concrete pipe a) 300 us, b)600 us , ¢)900 us.

The signals have been recorded for both Soil A and Soil B in both domains. The
frequency spectrums are displayed in Figure 3-12 and 3-13. As observed, energy is
transferred to the surrounding soil, leading to a lower amplitude of the IE and ACIE

response compared to that of a standalone pipe.
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Figure 3-12: Transient response of 2D concrete pipe for soil A: a) Time domain
waveforms, b) Frequency spectra.

The results of the study indicate that a significant portion of the incident wave is
transmitted into the soil. The transmission coefficient for Soil A and Soil B is calculated
as 17 % and 12 %. The transmission coefficient in soil A is higher due to its higher
acoustic stiffness. Additionally, the analysis revealed that the normalized amplitude of
the wave reflected from the concrete/soil interface in soil A is approximately 50 % in the
elastic domain and 34 % in the acoustic domain of the incident amplitude. On the other
hand, soil B is less acoustically stiffer. Thus, exhibits improved results in terms of

recording the waves in both domains. The wave reflected from soil B has normalized



32
amplitudes of 80 % in the elastic domain and 40 % in the acoustic domain of the incident

amplitude.
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Figure 3-13: Transient response of 2D concrete pipe for soil B: a) Time domain
waveforms, b) Frequency spectra

The goal of the study was to determine if leaky acoustic waves could still penetrate the
fluid. It was found that the waves were able to reach the fluid domain, despite some
energy transfer to the soil at the concrete-soil interface. No reflections were observed

from the outside surface of the soil due to the PML boundary condition.

3.9 Conclusions

e ACIE was simulated using both a standalone and buried concrete pipe.
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e Thickness frequency obtained acoustically match with the results of elastic wave
data.
e The presence of soil reduced the amplitude of acoustic signal because of leakage of
energy into the soil by about 17 % and 12 % for two soil types tested. However, the

amplitude was enough to be detected comfortably.

Overall, this testing method is advantageous because it eliminates the need for mounting
a transducer on the surface and can accurately measure leaky acoustic waves in a closed
cavity like a concrete pipe without interference from reflections. As a result of these

findings, an experimental study was conducted and described in the next chapter.



CHAPTER 4

AIR-COUPLED IMPACT ECHO TESTING OF BURIED
REINFORCED CONCRETE PIPES:
AN EXPERIMENTALSTUDY

4.1 Introduction
This chapter describes the experimental study. Two RCP samples are tested using
ACIE technique and the results are compared with conventional IE. Next, a parametric
study of the impact of microphone placement over the pipe surface is conducted and
optimal height for receiving clean signal is determined. A noise suppressor for
microphone is developed to cut down on noise and improve the signal to noise ratio

(SNR).

4.2  ACIE testing of standalone pipe segment
In practice pipe can be tested either by entering into it or test it after exploring
the surface by removing the soil. The experimental set-up employed in this study is
related to the second case.

421 Instrumentation

Two pipe samples were taken from the construction site and set up in the
laboratory as shown in Figure 4-1. Pipe samples meet the ASTM-C76 standards and have
a Type B wall [62]. Such pipes are typically used in sewer, industrial waste, and

stormwater applications.

34
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A .

Figure 4-1: Concrete pipe samples.

The dimensions of pipe segments are mentioned in Table 4-1.

Table 4-1: Dimensions RCP pipe segments.

Pipe samples 0.D (m) Thickness (m) Length(m)
Sample A 0.76 0.07 243
Sample B 0.73t00.78 0.07 t0 0.08 0.58

A manually operated steel ball hammer with a diameter of 8 mm is used as the
impactor (Figure 4-2). This ball could generate frequency ~36.7 kHz according to Eq. 2.6
and Eq. 2.7. A broadband accelerometer with resonant frequency above 35 kHz is used to
receive the elastic waves. It is mounted on the pipe surface using wax to maintain better
coupling. A broadband microphone with a frequency range up to 40 kHz is utilized to

record the acoustic signal.
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Figure 4-2: A photograph of experimental setup: a) RCP specimen A b) Close up

showing location of both transducers c) microphone, accelerometer, and ball
impact hammer.

The microphone height was adjusted using the hydraulic table as shown in Figure
4-2. A PCB-480C02 signal conditioner is used to power the transducers and condition the
received signals. Figure 4-2 b depicts the positioning of these transducers on the concrete
pipe. Figure 4-3 shows a schematic representation of the laboratory equipment used to
conduct experiments. Additionally, the signal conditioner connected to an 8-bit
oscilloscope (Tektronix MSO 2024) for data acquisition. The data captured by the
oscilloscope is transferred to a computer and processed.

The signal is captured within a 10 ms window at a default sampling rate set by the
oscilloscope (in MHz) and later it is down sampled using MATLAB. Waveforms are pre-
processed by applying a Hanning window, and the spectrum is computed using FFT

function.
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Figure 4-3: Schematic of experimental setup.
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4.2.2 Comparison of ACIE and IE results

In traditional IE methodology, the unknown wall thickness can only be
determined with prior knowledge of the V,. Different methodologies such as SASW and
MASW can be used to find the V, [57], [58] . For this research, the pipe was
characterized using MASW method and V}, ( 4433 m/s) [10] obtained by it is used in the
IE calculations.

Figure 4-4 illustrates the spectrum contents of the waveforms recorded by the
accelerometer and microphone. The thickness frequencies are obtained as 28.18 kHz
(accelerometer) and 29.08 kHz (microphone). Data from the accelerometer exhibited
lower noise in frequency band up to 20 kHz than that of the microphone as shown in
Figure 4-4. This could be due to the effect of direct acoustic wave and environmental
noise on the signals received.

Using measured thickness frequency (i.e., 28.18 kHz and 29.08 kHz) and the
reported P-wave velocity, pipe thickness is determined to be 0.075 m using accelerometer

data and 0.073 m using microphone data. The results differ from the actual value (0.076
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m) by 1.32 % and 4.02 % for the accelerometer and microphone, respectively. Which are

acceptable. The SNR was then calculated to determine the quality of the received signal.
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Figure 4-4 Frequency spectrum of IE and ACIE measurements

The ratio of the thickness frequency's amplitude to the noise was computed for
both approaches in order to measure the SNR. The relative quality of the signals
received was then assessed using this ratio [59].

Amplitudeg;gnq

SNR = 20 logy, Eq. 4.1

Amplitude,ise
As shown in the plot in Figures 4-4, the signals from the microphone and

accelerometer are estimated to have SNR of 6.23 dB and 5.66 dB, respectively. This



39
shows that the output of the microphone and the accelerometer provide signal of similar

quality.

4.2.3 Parametric study- microphone placement.

In the previous comparison study, it was determined that ACIE test can be used to
determine the unknown wall thickness. However, while performing ACIE in the real
world, many noises, such as direct acoustic noise and ambient noise, may interfere with
the signal [60]. The distances between the microphone and concrete's surface may impact
the signal quality. The signal may be distorted if it is positioned too close to the surface.
Therefore, optimum placement needs to be established. The microphone is placed at
different heights between 0.02 m to 0.07 m from the pipe surface, and results are

compared in Figure 4-5.

A Mic. Height
| -~0.02 m
—0.05m
~0.07m

Normalized amp.

Frequency (kHz)

Figure 4-5: A normalized frequency spectrum with variation of height of microphone.

As observed, the amplitude of thickness frequency peak decreases with increasing
height, as much as about 60 %. Also, the frequency spectrum reveals a significant amount
of noise below 20 kHz. It is possible that the observed effect is caused by the presence of

ambient noise and direct acoustic waves. However, the thickness frequency peak is
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clearly apparent at the microphone height of 0.02 m. Placing the microphone below this

height introduces a higher level of noise. Therefore, a separation between 0.02 m and
0.05 m is the optimal distance.

424 Characterization of entire pipe

Next the entire pipe was tested by measuring thickness frequency along its length.
The test is conducted on the surface at eight successive locations with a spacing of 0.25
m. The distance of the microphone and the impact site is 0.03m.

Figure 4-6a and Figure 4-6b depict the f; from two samples tested. It varies
within the frequency ranges of 26.01 kHz to 29.13 kHz, 25.10 kHz to 28.45 kHz for
samples A and B. Then, the unknown pipe thickness is calculated (with known value of

V, and g i.e., 0.96).



41

w
o
T

:t (kHz)

20 \ * \ ‘
0 0.5 1 1.5 2 2.5

Distance (m)
35- - ' w : v

0 0.1 0.2 0.3 0.4 0.5 0.6
Distance (m)

Figure 4-6 Variation of thickness frequency along length of pipes a) sample A b)
sample B.

It was found that the calculated thickness varied by 5 % to 6 % from the actual
thickness of the pipe (i.e., 0.076 m). On the other hand, we also calculated the P- wave
velocity using the known thickness value and measured thickness frequency. It was
established that computed V, ranged from 4032.1 m/s to 4635.5 m/s, that differed from
velocity measured by MASW by 4% to 9%, which is acceptable.

In addition, the measured mechanical properties of pipe are used back in
numerical model and thickness frequency was computed (The simulation runs for 2 ms
time with 2 ps step size for a 1000-time steps). The pre-processing of the signal is done

and the signal of 1 ms length was used for frequency analysis as shown in Figure 4-7.
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Figure 4-7 Thickness frequency obtained using the measured mechanical properties.

The thickness frequency is clearly evident in the frequency spectrum around 27.3
kHz, which is close to the thickness frequencies observed over the length of both pipe
samples.

425 Design of noise suppressor

To get reliable and consistent results with ACIE, direct acoustic waves and
environmental noise must be reduced. Previous research utilized a noise suppressor made
from rubber [20] and PVC pipe [36] to reduce the noise. Here, we developed it using high
density insulated spray to guard the microphone. It was developed using a closed mold,
and it took around 48 hours to get fully cured. The dimensions and arrangement are

shown in Figure 4-8.
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Figure 4-8 Design of sound insulation enclosure.
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Figure 4-9: Developed spray foam noise suppressor.

The microphone is placed through a hole from the top as shown in Figure 4-9. Its

height was chosen between 0.02 m and 0.05 m to effectively capture leaky acoustic
waves,

As shown in Figures 4-10, a single dominant peak was noticed to be immediately

identifiable in microphone recordings with suppressor and without suppressor condition.
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Figure 4-10: Comparison of frequency spectrum for enclosure and without enclosure
condition.

In both cases, the frequency spectrum shows that the thickness frequency peak is
at 28.08 kHz. Besides the thickness frequency peak the spectrum exhibits multiple
unwanted peaks without suppressor. These peaks are present mainly in the 10 kHz -20
kHz frequency band as marked in Figure 4-10. The thickness frequency peak visible
distinctly despite slight drop in overall amplitude. Overall, noise is significantly reduced,

and SNR is increased to about 13.33. Next, an investigation of buried pipe is presented.

4.2.6 Buried concrete pipe

The schematic of the experimental set-up is shown in Figure 4-11. For
convenience sample B (a half-section pipe) is utilized for buried test conditions. The

dimensions of pipe sample are listed in Table 4-1.
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Figure 4-11: Schematic of experimental setup of the buried concrete pipe.

The setup is made in accordance with the type -2 installation using the native soil
collected from the construction site. Soil compaction has a significant impact on
installation of pipe. Inadequate soil compaction may lead to air voids in the soil which
could interfere with the wave transmission and reflection, affecting the signal received.
To ensure that the soil is void free, 100 % standard proctor density was employed. The
pipe sample is surrounded by a soil layer of 0.35 m thickness in bedding that is similar to
that employed for the numerical model. To avoid reflections from the surface of the soil

layer, the thickness of soil layer made much larger than the thickness of the pipe.
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Figure 4-12: Experimental setup for buried concrete pipe.

The accelerometer coupled to the pipe using wax, and microphone is positioned above it.
The impact was produced using an 8 mm diameter ball hammer, and the signals were
recorded with a microphone and accelerometer for the ACIE and IE methods,
respectively.

4.2.7 Result and discussion

Prior to burying the pipe, data was collected in standalone mode for reference. It
was found that the thickness frequency of it varies from 25.10 kHz to 28.45 kHz along
the length. A sample spectrum is shown in Figure 4-13. As observed, the frequency
spectrum obtained using both the transducers exhibit the thickness frequency at 28.3 kHz.
As observed, the microphone data is noisy. It is probably due to end reflections since the

sample is short.
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Figure 4-13: Frequency response of concrete pipe segment without soil layer.

Next, the tests were performed with pipe samples surrounded by soil. Figure 4-14
displays the frequency spectrum created using data received from accelerometer and

microphone recordings.
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Figure 4-14: Frequency response of the concrete pipe sample segment with the
surrounding layer of soil.

The thickness frequency was determined 28.4 kHz for accelerometer and 28.07 kHz
for microphone. When compared to the results obtained without a soil layer, the amplitude
of the thickness frequency peak reduced by 17 % and 25 %. The majority of the low
frequency peaks also seems to have dissipated due to energy loss into the soil.

The test measurement proved that ACIE has the desired performance in terms of

sensitivity to capture leaky acoustic waves from buried pipe.

4.3 Conclusions

The following conclusions are drawn from the studies:
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It was shown thickness frequency can be measured in a non-contact

fashion by measuring the leaky acoustic waves with the microphone. The
findings were validated comparing them conventional IE method.

The parametric study yielded optimal location for the microphone
placement. It was found that a separation distance of 0.02 m to 0.05 m is
optimal.

A noise suppressor was developed to enhance the signal received by
microphone. It effectively decreased noise and enhanced the SNR by
13.33 dB.

The ACIE method was also tested using buried samples. The technique
can detect leaky acoustic waves even when pipe is surrounded by soil. The
amplitude of acoustic signal (into the frequency spectrum) around 20 %
when pipe was surrounded by soil when compared with uncovered

condition. However, the amplitude was enough to be detected clearly.



CHAPTER 5

A SEMI AUTOMATED AIR COUPLED INVESTIGATION OF
CONCRETE PIPE

51 Introduction
This chapter involves the development of a semi- automated system that is

intended to facilitate the quick completion of ACIE measurements. This development
aims to build a more compact system to implement acoustic measurements and improve
the speed of data collection. Applying the steel ball to excite P-wave is slow. Also, the
typical condenser microphone is large. Thus, a solenoid impactor and micro
electromechanical systems (MEMS) microphone investigated ACIE. The results obtained
using condenser and MEMS microphone are compared.

511 Semi-automated ACIE setup

The circuit design for the semi-automated setup is illustrated in Figure 5-1. To
excite the pipe, a push-pull style open frame solenoid electromagnet is utilized. It is rated
at 12V with 8 mm stroke and is capable of generating 6 N force. A pulse generator
(Wavetek model 166) is utilized to generate an input signal for the impactor. Then signal

is then amplified using an audio power amplifier (MX-M542).
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Figure 5-1: Block diagram of the circuit.

ﬁ

A broadband MEMS microphone with a band width of up to 80 kHz is used to
record the acoustic signal. The microphone is connected to an instrumentation amplifier
and band pass filter (2 kHz — 60 kHz). The data recorded by the oscilloscope is
transferred to a computer and processed.

5.1.2 Input waveform

Figure 5-2 depicts the input waveform used for excitation. A solenoid impactor
can be excited using a variety of input waveforms generated by a signal generator. A
square waveform has been used to excite the impactor [59] . However, there is a trade-off
between the pulse width and the amplitude. The duration of the pulse determines the
maximum frequency content generated and amplitude controls the level of impact force
applied on the pipe. (It is important to determine the best pulse width and amplitude for
the input waveform because using a very short pulse width will increase frequency
content of pulse and the solenoid impactor may not be able to move quickly enough).
After experimentation it was found that the pulse width of of 2 ms with 1 V amplitude is

optimal for this application.
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Figure 5-2: The input waveform for excitation.

5.1.3 Experimental setup

The schematic of the experimental setup has been shown in Figure 5-3.

Condenser microphone
Solenoid impactor

-3
[

L

MEMS microphone

Audio power

amplifier

Signal generator I

{ Band pass filter
J

{Oscilloscope ]—»[ Computer ]

Band pass filter
Concrete

Figure 5-3: Schematic of experimental setup.

The setup using the condenser and MEMS microphone is depicted in Figure 5-4a.

Figure 5-4d. depicts the push and pull type solenoid

impactor that was utilized to provide

the consistent point impact. A manual positioning system is used to move the impact

hammer and sensor together along the surface of pipe. This study uses the same data

acquisition as used in previous study.

(Chapter 4). The received signals are pre- processed using Hanning window and frequency

spectrum is calculated using FFT function.
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Figure 5-4: Photograph of the (a) experimental setup (b) Close-up showing
microphone, accelerometer, and solenoid impactor (c) solenoid impactor (d) Impactor
and MEMS microphone.

5.14 Comparison between condenser and MEMS microphone

Figure 5-5 displays a comparison of the test outcomes for condenser and MEMS
microphones. It was observed that the solenoid impactor is much noisier than the one
generated by steel ball. This may be due to multiple reasons like influence of impactor
and acoustic wave reflection created by the holder. Despite this, the thickness frequency

peak is distinctly visible in frequency spectrum at 27.2 kHz.
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Figure 5-5: Frequency spectrum obtained using condenser and MEMS mic.
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Using the acquired thickness frequency from frequency spectrum and P- wave

velocity of the pipe obtained in the previous studies, the thickness of the pipe was 0.075
m which is very close to the actual value (0.076 m). This shows that both microphones
provide signals of almost similar quality. Also, in conjunction with the use of a solenoid
impactor, makes the setup more ideal for the ACIE technique by providing a constant and

consistent impact.

5.2  Noise reduction study
In prior study, it is demonstrated that MEMS microphones can receive leaky
acoustic waves. But the signal is cluttered with higher levels of noise. As a result, in
order to get rid of this a band pass filter is designed. There are several types of bandpass
filter like Butterworth, Chebyshev, Bessel filter etc [61]. Figure 5-6a shows the frequency

spectrum of raw data received from the microphone and filtered.
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Figure 5-6: Frequency spectrum obtained using MEMS microphone’s (a) Raw data
(b)Filtered data.

Here, a Butterworth band pass filter has been utilized on the time response
history. This filter is characterized by a flat frequency response in the passband [59]. The
cutoff frequency between 15 kHz to 40 kHz has been set for filtering the received time
response history and later FFT function was applied to obtain frequency spectra. It is
clearly visible that the multiple frequency peaks other than thickness frequency are

reduced frequency spectrum from filtered data.

53 Conclusions
Study findings lead to the following conclusions:
e It was observed that the MEMS microphone is capable of receiving the leaky
acoustic waves generated and results are comparable to condenser microphone.

Both microphones provide a thickness frequency at 27.2 kHz, but the signal is
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noisier.

e The designed bandpass filter works effectively and reduces the unwanted

frequency peaks from the spectrum other than the thickness frequency peak.



CHAPTER 6

INVESTIGATION OF PIPEWALL DEFECTS USING ACIE

6.1 Introduction

Reinforced concrete pipes are commonly used in sewage and water supply due to
corrosion-resistant and durability. In the United States, there are an estimated 860,000
miles of buried pipes supplying sewage and water to homes and businesses [62].
Approximately 40% of pipes are made of reinforced concrete, and an estimated 20-25%
pipes show evidence of damage or defects. The deterioration and loss of strength in
concrete pipelines is caused by a variety of factors like delamination, fractures, and voids
of varying sizes. This chapter investigates if ACIE can be used to detect some of the

flaws. The investigation is conducted by numerical simulation.

6.2  Common flaws in concrete pipe.
There are several types of flaws which can appear in a concrete pipe and some of
them are mentioned below:
6.2.1 Thickness loss
Thickness loss, occurs when the concrete's surface is damaged and the concrete
peels or flakes away, revealing the reinforcing steel underneath. This can be caused by
several reasons, including freeze-thaw cycles, salt exposure etc. The corrosion of

reinforcing steel in concrete can cause surface cracking and peeling, while sulfuric acid
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reacting with cement can lead to thickness loss in the upper part of concrete pipes [59],

[63] as shown in Figure 6-1.

Figure 6-1: Thickness loss due to corrosion [63].

6.2.2 Delamination

Concrete delamination is one of the most difficult challenges in concrete because
of its unpredictable appearance and inconsistent pattern. The term "delamination™ refers
to the process by which concrete separates from the layer that serves as its foundation.
Most common cause of cracks and delamination in reinforced concrete structures is
corrosion of the rebars that hold the concrete together which contributes to decrease in
the structure integrity [64]. A case of delamination in concrete structure is shown in

Figure 6-2 [65] .
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Figure 6-2: Delamination of concrete deck slab.

6.2.3 Soil voids
Wastewater can intrude into the surrounding soil due to pipe cracks, which can
wash away the soil and create void. It is critical condition as it can significantly affect the

pipe service life.

6.3  Numerical modeling of pipe wall defects
Three types of flaws in concrete pipe are investigated i.e., thickness loss (model
1), delamination (model 2) and fluid filled void (model 3). Figure 6-3 shows the

schematic numerical model of flaws.
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Figure 6-3: Illustration of flaws (a) thickness loss (b) delamination (c) Fluid filled

Model 1 with thickness loss is developed at the crown of the pipe due to

corrosion. The actual dimension of the RCP is considered according to ASTM- C 76,

having a type B- wall (thickness = 0.0762 m). To investigate the defect of thickness loss,
the wall has been reduced by 0.012 m.

Model 2 represents delamination defects developed with dimension of 0.25 m by

0.05 m, positioned 0.05 m below the invert. Both model 1 and model 2 are simulated
under non-buried and buried conditions.

Model 3 represents the fluid-filled void around the pipe located at concrete-soil

interface. The voids are tested in three different sizes, with d; = 0.05 m, d> =0.12 m and
ds =0.20 m.

To simplify the analysis, concrete and soil are modeled as linear elastic isotropic
material with properties as specified in Table 6-1.
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Table 6-1: Elastic properties of concrete and soil [35], [56].

Material Density (kg/m?) Young’s modulus  Poisson’s ratio
(MPa)

Concrete 2300 33100 0.2

Soil 2000 300 0.2

The outer boundary of soil is terminated by the PML boundary condition. A high-
frequency Ricker wavelet is injected perpendicularly at selected node in each model and
signal for both elastic and acoustic domains are captured. Mesh size of 2 mm and 1 mm is
used for acoustic and elastic domains, respectively. Simulations are run for 1000-time
steps (2 microsec) with a total duration of 2 ms for all simulations. Signal from both
domains is pre-processed using a Hanning window and down-sampled. Signal length of 1

ms is used to obtain the frequency spectrum.

6.4 Results and discussion

6.4.1 Model 1: Effect of thickness loss

The normalized frequency response of signal received for buried and non-buried
condition for thickness loss flaw is shown in Figure 6-4. Frequency spectra for the signal
received in acoustic and elastic domain depict a clear resonant frequency of 29.9 kHz for

both conditions.
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Figure 6-4: Frequency spectrum of thickness loss flaw for: a) acoustic domain b)
elastic domain

For the buried condition, resonant frequency amplitude drops significantly in both
domains, although it is visible at 29.9 kHz. The decrease in amplitude of the thickness
frequency is due to acoustical impedance mismatch, as some amount of signal energy
gets transferred to the soil. By using this thickness frequency and P-wave velocity of
material in Eq. 2.1, the thickness of pipe is calculated as 0.064 m, which found close to
the thickness considered in the model i.e., 0.063 m.

6.4.2 Model 2: Effect of delamination

Next, the simulation of delamination in pipe is performed, and frequency response

of signal received from both domains is shown in Figure 6-5.



63

. ! | —Non buried
o — Buried
£
©
©
o
N
©
£
|-
(]
-
0 10 20 30 40 50
Frequency (kHz)
1 T T T T
—Non buried
— Buried

Normalized amp.

0 10 20 30 40 50
Frequency (kHz)

Figure 6-5: Frequency spectrum for delamination defect for a) acoustic domain b)
elastic domain.

It has been observed that thickness frequency is located at 37.1 kHz for both
domains. In this case, thickness frequency amplitude did not decrease significantly in
either case. This is due to the fact that delamination creates a concrete/air interface in the
pipe, and P- wave reflects approximately 100 % of wave energy at this interface.
Moreover, the dominant frequency obtained from the model differed by less than 1 %
from the theoretical value of 37.7 kHz. Using the dominant frequency and P-wave
velocity in Equation 2.1, the delamination was calculated to be located at 0.05 m, which

closely matches the true value of 0.051 m.
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6.4.3 Model 3: Effect of soil void

Next, simulations result for three sized voids, ranging small to large, and
frequency response of signal received from both domains are shown in Figure 6-6 (a &

b). For comparison, results obtained from no void condition are also included.
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Figure 6-6: Influence of sizes of voids on thickness frequency response (a) Acoustic
domain (b) Elastic domain.

As seen in Figure 6-6, thickness frequency is observed at 24.9 kHz in all cases for
both domains. However, the amplitude of thickness frequency increased as the size of
void increased. This is because when the concrete and soil are in full contact with each
other at concrete-soil interface, the transfer of P- wave into the soil is significant.

However, soil void will increase the concrete-air interface, and elastic waves will reflect
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almost 100 %. As observed, the amplitude of thickness frequency increased substantially

from no void to large void condition for the signal received from both domains.

6.5  Conclusions
The numerical studies reported in this chapter were carried out to assess the feasibility of
using ACIE to detect defects in concrete such as thickness loss and delamination, as well
as voids ranging in size from small to big at the concrete/soil interface. The findings of
this investigation are as follows:
e ACIE is able to detect common pipe wall defects in the buried condition. The
results obtained from ACIE are compared to those from conventional IE

technique and found to be reliable.



CHAPTER 7

CONCLUSION

This dissertation focused on investigation of buried reinforced concrete pipe using air
coupled impact echo technique. To test its feasibility of ACIE technique first, a finite
element analysis (FEA) based numerical simulation was conducted first. Both traditional
IE and ACIE techniques were investigated using 2D and 3D models with acoustic -
structure interaction in COMSOL Multiphysics software. Results obtained using ACIE was
verified against IE. It was determined that the thickness frequency using a contact-based
transducer could be estimated without contacting the pipe wall by capturing the acoustic
wave that accompany the elastic wave resonance that occur in the IE process.
Additionally, it is possible to capture the signal in a closed cavity, such as a concrete pipe
(used in this research), without recording any acoustic wave reflections from the walls.
Analysis has been done using a 2D as well as 3D. Both standalone and buried pipe were
modelled. Two different types of soil were used around the pipe. As expected, the energy
loss into the soil reduced the amount of the acoustic signal. However, the thickness

frequency could still be determined.

After successful simulations, an experimental investigation was carried out in laboratory
and ACIE technique was demonstrated using two commercially manufactured reinforced
concrete pipe (RCP) samples were tested. The results acquired using the microphone match
very well with the accelerometer data. A detailed parametric study was successfully carried
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out to optimize the location of microphone and improved the signal reception.

A noise suppressor was developed to address the issue of direct acoustic noise as well as
ambient noise. It has been discovered that this noise suppressor is able to significantly

reduce signal noise and improve signal to noise ratio.

A semi-automated ACIE system was developed with the to speed up data collection.
Traditionally the impact is applied manually with steel ball hammer. An electrically
controlled solenoid impactor was utilized to excite the pipe automatically. Additionally, to
make the system compact & cost effective, a MEMS microphone was employed to detect
acoustic waves instead of a larger and more expensive condenser microphone. The results
from both MEMS and the condenser microphones were comparable. However, significant
noise was observed in the signal received by the MEMS microphone which was removed
by a post-processing algorithm.

Finally, a numerical study was performed to test ACIE technique to detect common defects
that occur a in concrete pipe. Three types of the defects were simulated: 1) thickness loss,
2) delamination and 3) soil void around the pipe. ACIE was able to detect all the defects

successfully.

7.1 Future work

In this work, ACIE for buried concrete pipe has been investigated. Even though the results
of this research have been found to be satisfactory, there is still potential for development.

As a result, the following suggestions are made for consideration in future work:

e To accelerate the data collection and analysis a fully automated ACIE system for

implementation within a pipe could be designed and tested.



Conducting field study in realistic environment is recommended.

Opportunity to develop more advanced signal processes should be explored.
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