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ABSTRACT

Recently international concern about nuclear proliferation has rapidly increased.
Some governmental agencies have an interest in remotely detecting and recognizing
concealed machinery within buildings to detect any anomalous activity occurring inside
the building.

The vibration studies of the roof and the exhaust structures of an existing utility
building, the Ford Utility Center at the University of New Mexico and a simplified
laboratory structure representing an industrial building, called the doghouse are presented
in this thesis. The vibration studies presented allow the reader to understand to what
extent it is possible to identify machines concealed within a building.

To identify machines concealed within a complex building like the Ford Utility
Center, we preferred first to better understand the vibration of a simplified structure due
to concealed machinery. Thus, in this thesis, we first study the vibration of the doghouse,

and then study the vibration of the Ford Utility Center.
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Chapter 1 Introduction

1.1. Motivation

We live in the age of science and technology. Engineers and scientists are
proposing new inventions almost every day to make human life convenient. For example,
bridges, spacecraft, electronics, better medical treatment, and luxuries are all brought by
scientific advancement. However, scientific advancement has also created harm. It has
created greater threats like guns and bombs that world would have been a better place
without.

Many countries are trying to develop nuclear weapons, thus there is a great threat
of nuclear holocaust in future world wars. A nuclear holocaust is a scenario involving
widespread destruction and radioactive fallout causing the collapse of civilization,
through the use of nuclear weapons. Recently, international concern about nuclear
proliferation has rapidly increased.

Some governmental agencies have an interest in remotely detecting and
recognizing concealed machinery within buildings to detect any anomalous activity
occurring inside the building. It is known that vibrating machines concealed within
buildings produce vibration of the building envelope. As many of these signatures can be
correlated to the machinery concealed within the building, agencies may be able to
reliably detect nuclear proliferation missions at particular sites of interest. Therefore, the
motivation for this thesis is to answer the question: “By measuring the vibration
signatures on the roof of a building, is it possible to identify the machine causing the

vibration?”.



1.2. Scope of thesis

The Electrical and Computer Engineering Department and the Civil Engineering
Department at the University of New Mexico are collaborating on the research project on
remote detection and recognition of concealed machinery within a building using a
vibration estimation and imaging approach using Synthetic Aperture Radar (SAR). This
research project has been awarded by the United States Department of Energy and this
thesis is written as part of this collaborative research project.

The purpose of this thesis is to study whether we can identify the types and
locations of machines concealed within buildings using vibrational information obtained
from the building envelopes. For the purpose of our study the Ford Utility Center at the
University of New Mexico, which generates around 13 MW of electricity, hot and chilled
water using natural gas has been selected. To assess a complex building like the Ford
Utility Center, we needed first to better understand the theory of structural vibrations. To
this end, we first studied the vibration of a simplified laboratory model representing an
industrial building. Thus, a simplified model was built in the laboratory, representing a
simplified industrial building which we call the “doghouse”.

Thus, this thesis first presents, a finite element and an experimental study of the
vibration of the doghouse, and finally present a study of the Ford Utility Building to
answer our primary question: “By measuring the vibration signatures on the roof of a
building, is it possible to identify the machine causing the vibration?”.

Although the research project proposed to use Synthetic Aperture Radar (SAR)
for vibration estimation, the research team decided to use an accelerometer to record the
vibration and then perform a flight test using SAR. The flight test was performed in the

desert of Borrego Springs in California to record the vibration of the doghouse due to
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concealed motors. However, the data recorded from SAR study is not presented in this
thesis. Thus, all the vibration data presented in this thesis is obtained by an

accelerometer.

1.3. Outline of thesis

This thesis includes nine chapters: Introduction, Literature Review, Data
Acquisition Process and Sensitivity of Accelerometer, Displacement Reconstruction from
Measured Acceleration, Free Vibration Study of the Doghouse, Refined Vibrational
Models of the Doghouse, Identification of Motors Concealed within the Doghouse,
Vibration Study of the Ford Utility Building, and Conclusions.

Chapter 2 provides a literature review of all material researched and relevant to
this thesis. This chapter also provides the brief introduction to the previous research
performed by a former graduate student from the University of New Mexico who worked
on a similar research project.

Chapter 3 focuses on the data acquisition process we used throughout this thesis.
In this chapter we provide the introduction to all the components of the data acquisition
process and perform laboratory experiments to verify the accelerometer calibration factor
provided by the data sheet provided with the accelerometer.

Chapter 4 presents the time domain and frequency domain methods to convert the
acceleration signals into displacement signals. We will find that the frequency domain
method is helpful in analyzing vibration signals. However, the frequency domain method
still is not completely definitive.

Chapter 5 uses the linear elastic finite element method and the experimental tests

to determine the vibrational characteristics of the doghouse. By comparing the finite
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element results and the experimental results we will find that the linear finite element
model is inadequate to accurately model the vibration behavior of the doghouse.

Chapter 6 discusses a nonlinear finite element method to model the effect of stress
stiffening on vibration of the doghouse, and makes the case that this approach is more
accurate than the linear finite element method. This chapter also discusses the effect of
connections on the vibration of the doghouse.

Chapter 7 presents finite element analysis and experimental tests to study the
relationship between periodic input force and periodic output response of the doghouse.
This chapter investigates the possibility of predicting the vibration signatures of the
chimney of the doghouse caused by two motors operating in it.

Chapter 8 discusses the possibility of correlating the vibration signatures obtained
from the roof of the Ford Utility Center with the operation of the machines concealed in
it.

Chapter 9 provides a brief summary of this thesis and also provides suggestions

for future research work.



Chapter 2 Literature Review

This chapter’s objectives are to:
¢ introduce the reader to some literature on identification of machinery from
vibrations;
e provide the reader with some background in nonlinear plate vibrations;
e provide a brief introduction to displacement reconstruction from measured

accelerations.

2.1. Introduction

In this chapter, we provide some background information on research conducted
related to identification of concealed machinery using vibration measurement and
analysis techniques. We first present some research on vibration measurement and
analysis techniques and we find that vibrations measured from civil engineering
infrastructure and rotating machines are mostly applied for the structural health
monitoring purposes and for damage detection in machines. However, our context is a bit
different: we want to perform vibration measurement and analysis to identify machinery
concealed within a building. We present the review of a thesis written by a former civil
engineering graduate student and a research paper published by team members of this
research project.

Additionally, we present a brief review of literature related to nonlinear plate
vibration theory and a brief review of displacement reconstruction from measured

accelerations.



2.2. Vibration measurement and analysis

Vibration measurement and analysis techniques are becoming very popular in the
industrial and research field for structural health monitoring purposes and to detect faults
in rotating machinery like motors, pumps, turbines, and gearboxes. The basic idea is that
the defects in the civil engineering structures and in rotating machines cause changes in
vibrational response. Hence, damage and faults can be identified by examining the
change in vibrational response of a structure (Chang, Flatau et al. 2003).

Vibration measurement are always done in the time domain using a variety of
sensors; for example, accelerometers and strain gauges. The time history of recorded
vibrations can be processed using the Fourier transform to obtain magnitude spectra.
Frequencies thus obtained are used by many researchers to identify faulty components of
structures (Doebling, Farrar et al. 1996) and (Farrar, Worden et al. 2007). However, we
believe that these frequencies can also be related to the machines that are causing the
enclosing structures to vibrate. My literature review found few attempts to use the
vibrational frequencies obtained from a building envelope to identify the types and the
locations of concealed machinery causing the vibration. In the next section, some of the

work done by the former graduate students in this field of study are discussed.

2.3. Identification of concealed machinery by vibrations

Mareddy (2006) presented research on analyzing service level vibrations of a
utility building to identify the type and location of concealed machinery within the
building. The vibration data were collected from an existing utility building, the Ford
Utility Center at the University of New Mexico. A finite element model of the Ford
Utility Center was created using SAP2000 to provide a basis with which to compare the

6



observed vibrations. She compared the vibrations obtained from the roof of Ford Utility
Center with the mode of vibrations from SAP2000 model to conclude her research.
However, the Ford Utility Center is a complex two-story building and has many unknown
details in it. The finite element model created by Mareddy had too many simplifying
assumptions to be realistic, in my opinion.

Pérez, Campbell et al. (2016) performed research on the detection and estimation
of vibrations generated by machinery concealed within a building and other structures.
To this end, they performed a field test for three different vibrating targets, including one
with a motor concealed inside a vibrating target. Fig. 2.1 shows the target used with a
concealed motor in it.

a) b)

Fig. 2.1. a) Top hat chimney reflector. b) Top view of the chimney, with C 4x6.25 channel weights
and a motor with off balance mass shown (Pérez, Campbell et al. 2016).



The top hat chimney reflector was actuated by a gear motor with an off-balance
weight attached to it, as shown in Fig. 2.1a. A synthetic aperture radar (SAR) imaging
from an airplane provided by General Atomics was used to acquire the vibrational data.
The vibration data was simultaneously obtained using an accelerometer attached to the
exterior surface of the chimney. Finally, by comparing the frequency of vibration data
obtained from the accelerometer and SAR imaging technique, it was demonstrated that it
is possible to capture the vibrational information of distant vibrating source using the
SAR imaging technique. However, the use of this vibrational information to detect the
operation of concealed machinery was left for the future research. The design of this
structure was an attempt to imitate a chimney of an industrial building. The design is
found to be unrealistic because, in most of all structure chimney, roof and the walls are
coupled with each other. However, in this structure, the chimney was intentionally
uncoupled with the roof, allowing the chimney to vibrate freely. This thesis is a

continuation of the above-mentioned research.

2.4. Nonlinearity in structural vibration

Every real structure exhibits some degree of nonlinear behavior. Some structures
are highly nonlinear and some are almost linear. Linearity is just an approximation to
simplify an engineering problem; solutions obtained based on linear models are found to
be adequate for many practical engineering purposes. However, the increased use of thin-
walled structural components in the design of space vehicles, civil engineering
infrastructure, and machinery and their vibrational behaviors at large amplitudes in
response to the conditions they are subjected to, have recently attracted the attention of

many investigators. As a result, the study of nonlinear flexural vibration of deformable
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bodies, in particular plates, has received much attention in the literature (Sathyamoorthy
1987).

Engineers and scientists have developed theories on the geometrically nonlinear
analysis of a plate. The Kirchhoff -Love theory of plates developed by (Love 1888) is a
two dimensional mathematical model that is used to determine the stress and deformation
in thin plates subjected to forces and moments. Von Karman later developed the
geometrically nonlinear plate theory (Von Karman 1910). Recently, (Leissa 1969)
published the theory on vibration of plates. There have been many different analytical
methods developed to solve the nonlinear problem. However, by the survey of nonlinear
detection and identification techniques for experimental vibrations (Allemang 1998)
found that nonlinear structural dynamic system identification is often more a subjective
art than it is a direct application of some particular method in systems theory. The
nonlinear vibration problem is subjective because, although there are many analytical
methods from which to choose, there is no general approach to detect, characterize, or
model input-output relationships in nonlinear systems.

In this thesis, we find that the laboratory structure made up of steel plates show
nonlinear behavior. Performing the nonlinear finite element analysis and experimental
tests we identified the nonlinear behavior is mainly due to stress stiffening effect due to
large deflection of the plate under its own weight. After taking the stiffening effect into

account, the vibrations are essentially linear.

2.5. Displacement time history of vibration

Vibration measurement has become an important method in earthquake

engineering, structural health monitoring, and damage detection. Vibration sensors are
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able to measure vibration signals, enabled by the development of computer technology,
electronic technology, and manufacturing processes. In this thesis, all the vibration
signals are recorded by using an accelerometer. Although we are more interested on
frequencies of measured vibrations, we also realized that, it is necessary also to know the
displacement amplitude of the vibration.

It is possible to collect a displacement time history of a vibration using
displacement sensors such as Linear Variable Differential Transducers (LVDTs).
(Boothby, Domalik et al. 1998) and (Moreu, Jo et al. 2014) have used LVDT to measure
the displacement time history of bridges for monitoring purposes. However, LVDTs
require a fixed reference point from which to measure the displacement response, which
is not practical in most cases. Hence, method for obtaining displacement time history
from measured acceleration signals has gained much attention in the literature.

There has been much advance research on displacement reconstruction scheme
using measured accelerations. (Lee, Hong et al. 2010) developed a method by
formulating the reconstruction problem as a boundary value problem using a finite
impulse filter and overlapping time window techniques to obtain the displacement signal
from a measured acceleration. However, in this thesis, an attempt is made to obtain the
displacement signal by performing the classical method of double integration of

measured acceleration signal in the time domain and using DFT in the frequency domain.

2.6. Summary

We have outlined in this chapter research related to vibration measurement and

analysis, nonlinearity in structural vibration, and displacement time history of vibration.
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We find that most researchers have used the vibrational information obtained
from bridges and buildings for damage detection and monitoring purpose. A former
graduate student and a research team at the University of New Mexico have attempted to
identify the operation of concealed machinery by using the vibrational information
gleaned from the building envelope with some drawbacks and recommendations. This
research overcomes some of the problems in the work performed by the former graduate
student and research team. In this research first we replace the top hat chimney reflector
used by (Pérez, Campbell et al. 2016) by a new laboratory structure called the
“doghouse”. We next perform finite element anal