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ABSTRACT

Miniaturized, wireless instrumentation is now areality and this thesis describes
development of such a system to monitor crack response. Comparison of environmental
(long-term) and blast-induced (dynamic) crack width changesin residential structures has
lead to a new approach to monitoring and controlling construction vibrations.

In wireless systems transducer power requirements and continuous surveillance
challenge available battery power, which declines with decreasing size of the system.
Combining low power consumption potentiometer displacement transducers with a short
communication duty cycle allow the system described herein to operate for many months
with changing its AA size batteries. The system described won third place honorsin the
2005 Crossbow Smart Dust Challenge, which represented the best executable ideas for
wireless sensor networks that demonstrate how it is used, programmed and deployed to
positively impact society.

Wireless communication basics are introduced along with operational principles
and necessary components. Two different configurations were investigated and produced
based on the communication between the remote nodes; single-hop and multi-hop

customizations. Battery lifetime, and wireless communication were enhanced by adoption



of the multi-hop protocol. Both of the systems were field tested to evaluate the long-term
performance of the software and the hardware components.

Thisthesis also describes the qualification process of the potentiometer through
several tests. Potentiometers were chosen for use with the wireless sensor network because
of their extremely low power consumption (0.5 mA), which is crucial for the long-term,
uninterrupted operation of wireless system relying on only 2 AA batteries. Three different
test mechanisms were established to quantify the consistency of the potentiometer response

against the hysteresis, drift, noise and transient displacements.
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CHAPTER 1

1 INTRODUCTION

Miniaturized, wireless instrumentation is now areality and this thesis describes
development of such a system to monitor crack response. Wireless sensor networks
consist of distributed self-powered, tiny, sensor nodes (called motes) capable of wireless
communication between each other and/or to a base station, sensing, signal processing
and computation. Low power consumption, adaptability to various applications, cost
effectiveness and non-obtrusiveness of the wireless sensor nodes are some of the
prominent features that make them attractive for structural health monitoring. All such
computer-like devices require an operating system one of which, TinyOS, is employed in
this study. These operating systems include sensor drivers, data acquisition tools and
network communication protocols all of which can be modified for custom applications.
The communication tools differ significantly from typical operating systems as they
provide for self assembly and configuration of communication pathways to facilitate low
power radio transfer of data.

The overall objective of this research isto develop awireless system capable of
executing al of the tasks now accomplished by the wired Autonomous Crack Monitoring
(ACM systems). ACM has been devel oped to simultaneously measure crack response

from long-term environmental effects as well as the transient response to blast induced



ground vibrations. As ACM has evolved, two levels of surveillance have developed. In
Level-1 surveillance only long-term crack response to environmental effects is measured.
This type of surveillance is adapted to the low power consumption environment of
wireless sensors necessary to maintain multi months of deployment without changing the
batteries. To do so it was necessary to adopt alow power communication protocol and
choosing low power consuming outboard devices, such as the potentiometer
displacement transducer described herein. Level-Il surveillance involves measurement of
both long-term and dynamic crack response. It requires a high sampling rate, continual
operation and a triggering mechanism, all of which consume power and are not provided
in current operating systems. More research is necessary to develop awireless, Level-I|
ACM system.

This thesis, which describes the development of the Level-1, ACM wireless sensor
network, is divided into two major chapters. Chapter 2 begins with a description of
wireless communication basics and introduces the components of the wireless system as
well as some operational details of the system. The main thrust of the chapter is
evaluation of two field installations of two versions of the system. Finally the chapter
compares the wired and wireless system in terms of robustness, accuracy of the results
and physical appearance.

Chapter 3 presents the studies necessary to qualify the low power consumption
potentiometer displacement transducer. Two different laboratory test mechanisms were
designed to determine the accuracy and robustness of the potentiometer when subjected
to long term cyclically changing temperatures and impact loadings similar to those

induced by vibratory crack response. The response of the potentiometer was also



compared to the benchmark sensors such asLVDT and eddy current sensors, which are

the sensors that have been traditionally employed with ACM systems.



CHAPTER 2

2 CRACK DISPLACEMENT MEASUREMENTSWITH

WIRELESS SENSOR NETWORK

2.1 Introduction

A wireless data acquisition system is an extension of ongoing projectsin Internet-
enabled remote monitoring of critical infrastructure at the Infrastructure Technology
Institute and the Department of Civil and Environmental Engineering at Northwestern
University. The overall objective of Internet-enabled remote monitoring isto provide
timely information to parties interested in the structural health of critical infrastructure
components such as cracks in the bridges or houses nearby a quarry. Sensors on a
structure are polled regularly so that responses may be compared graphically with past
readings to identify trends and automatically alert authorities of impending problems.
The natural extension of past wired systems is awireless system that drastically reduces
the cost of installation and eliminates the impact of the sensor network on the day-to-day
use of astructure.

A wired predecessor has operated since 1996 and provided graphical comparison
of crack displacements produced by environmental factors such as temperature, humidity
and wind etc. aswell as transient events such as blast induced ground motion and some

4



household activities. The main drawback of such a system of sensorsisthe cost in labor
and materials for installation, wiring, and maintenance of this system. Siebert (2000) and
L ouis (2000) describe the development of this system in detail.

Rapid developments in wireless communications and el ectronics have enabled the
development of low-cost wireless sensor networks that makes them attractive for various
applicationsin structural health, military surveillance and civil engineering. Complexity
of the network deployment and maintenance is considerably reduced when system are
wireless, which in return reduces the cost of instrumentation.

Adapting wireless sensing technology to ongoing I nternet-enabled remote
monitoring projects required development a system that would:

e Eliminate hard-wired connections to each sensor

e Operatefor at least ayear without human intervention

e Record response data at least one per hour, including sensor output voltage,
temperature, humidity and mote battery voltage

e Reduce cost, installation effort, and intrusion.

Features of the resulting wireless sensor networks that will be discussed in this
chapter include communication architecture, sensor network protocols, power
management and noise issues along with a case study conducted via a customized

application of the wireless sensor network.

2.2 Wireless Communication Basics

In awireless sensor network, communicating nodes are linked by awireless
medium such as radio, infrared or optical media. The transmission medium options for
radio links are the ISM (Industrial, Scientific and Medical) bands, which is available for

5



license free communication. The Federal Communication Commission allocated
frequencies between 420-450 MHz for radiol ocation and amateur applications, which are
also available for wireless sensor radio communication. Thisisarelatively low-level
frequency band and is suitable for low power sensing devices since it decreases the power
usage when compared to ultra-high frequency bands allocated for some other
applications.

A typical wireless mesh network is shown in Figure 2.1 with its components; a
sensor mesh of a multi-hop network where each of the sensor nodes is capabl e of
collecting the data and routing it back to the base station. An off-site PC polls the data
autonomously vialnternet. It is not only the sensor data that is transmitted between the
nodes but sensor nodes also route necessary information to form the network initially and
re-organize the network in case one of the nodes is dysfunctional. This rearrangement in
communication is a self-healing process where a continuous flow of datais maintained
even if some of nodes are blocked due to lack of power, physical damage or interference.
Multi-hop networks also increase the total spatial coverage and also maintain low energy

requirements.



Figure2.1: Sensor nodes scattered in the sensor field and the base station

A sensor node is the key element of the network. It is comprised of four major
components. a sensing unit, a processing unit, atransceiver and a power unit. Sensing
units are al'so composed of two subunits: analog-to-digital converters (ADC) and sensors.
Analog signals produced by a physical phenomenon are converted to digital signals by
ADC' s and sent to the processing unit of the sensor node. The processing unit manages
the procedures that alert the sensor node to respond and perform assigned sensing tasks,
and collaborate with the other nodes. These units are responsible for pre-processing
(encoding, decoding etc.) the data for transmission. The transceiver unit connects the
node to the sensor network viaawireless link such as aradio module. And lastly, the
power unit is the source of power for the node, which powers all activities on a sensor
node including communication, data processing and sensing etc. Figure 2.2 summarizes

the tasks processed by those units on a sensorboard.
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Figure 2.2: Radio communication channel model

Further information on miniaturized wireless systems can be found in the
literature and product manual of Crossbow Incorporation (Crossbow, 2005) and TinyOS
tutorials (TinyOS, 2005). Culler (2002) introduces the mica platforms for embedded
network especially for habitat monitoring. Glaser (2004) presents some real-world

applications of the wireless networks.

2.3 Componentsof the Wireless System Networ k

2.3.1 Hardware

A wireless data acquisition system consists of a network comprised of one “base
node” and any number of “sensor nodes.” Asshown in Figure 2.3, each sensor node
consists of one Mica2 mote, one MDA 300 sensor board, and one ratiometric string
displacement potentiometer connected to the screw terminals of the MDA 300.The mote
with its attached sensor board is mounted a few inches away from the sensor. Though
only one “sensor node’ is pictured, any number of “sensor nodes’ may be attached within

radio range of the any of the motes in multi-hop communication.
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Figure2.3: A "sensor node" that consists of remote node and the displacement sensor (mica2 that
will be attached to the MDA300 is not shown)

Asshown in Figure 2.4, the “base node” consists of a mica2 mote mounted on an
MIB510 interface board. The interface board is connected viaa serial cableto aMOXA
NPort device that allows remote access to the system via variable communication paths.
A cable modem connection was employed in this case to facilitate high rate of data
transmission. This"base node” requires AC power, which normally is available since

this node supplies backcasting communication to the Internet and it can be placed



anywhere within radio range of the “sensor nodes”, which reportedly can be separated up

to 300 m (1000 ft) in outdoor applications.

Figure 2.4: MOXA NPort (left) and MIB510 with mote running TOSBase (right)

Processor/Radio modules

Mica2 motes are even smaller than the a deck of playing cards (2.25 x 1.25 by
0.25 inches or 5.7 x 3.18 x 0.64 centimeters), which fit on top of two AA batteries that
provide power as shown in Figure 2.5. It isbuilt around a4 MHz Atmel Atmega 128L, a
low power microcontroller, which operates the necessary software from its 512 Kbytes of
flash memory. This memory stores both the operating system as well as the data. To
operate the outboard sensors the mica2 must be combined with the MDA 300 sensor
board shown in Figure 2.5 or other compatible sensorboards. The mica2 motes also house
a Chipcon model CC1000 single chip radio transceiver that operates at 433 MHz RF
frequency band. It has 1000 ft outdoor range and transmits 40,000 bits per second, but

consumes approximately 8 miliamps during transmission. In sleep mode, power
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consumption is reduced to about 40 microamps as will be discussed later under power the

consumption profile of the sensor network.

Figure 2.5: The components of the wireless sensor network

Sensorboard

MDAS300 is a general measurement platform for the mica2. It is primarily
designed to gather slowly varying (e.g. once measurement per hour) data such as
temperature, humidity, light intensity etc. Up to 8 outboard analog and digital sensors can
be connected through its screw terminals. It provides 12 bits anal og-to-digital conversion
for analog external sensors. Three excitation voltages (2.5, 3.3 and 5.0 V) are available
for exciting those outboard sensors. Temperature and humidity sensors are provided

onboard.
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Base Sation

The MIB510 (Mica2 Interface Board) shown in Figure 2.5 is a multi-purpose
interface board that allows a Mica2 to act as a base receiving station. This base station is
connected by an RS 232 seria port to the Moxa Nport, as shown in Figure 2.4, to
backcast the wireless collected data over external communication links. The MIB510 has
on-board in-system processor, An Atmega 16L, to program the motes attached on the
connectors, but does not store the data. The board’ s power is supplied through an external
power adapter.

During this project Stargate is also used as the base station. Stargate processor
platform is an alternative to the MIB510. It is a powerful single board computer with
enhanced communications and sensor signal processing capabilities. It has onboard Intel
PXA 255 (400 MHz) processor, 64 MB SdRam and 32 MB flash memory. USB port, RS-
232 serial port and Ethernet ports maintain communication. Those attributes make
Stargate function not only as an interface to the motes but also as a computer to store the
data. Whereas reliable and constant Internet connection was indispensable for MIB510
communication, this dependency is weakened in the case of Stargate. Because, the stored

datawill not be lost even if the connection failed.

2.3.2 Software Protocol: TinyOS (Tiny Operating System)

TinyOS is an open-source operating system designed for wirel ess embedded
sensor networks. This operating system is designed in such away that it can meet the
requirements of a self-assembling sensor network. First of those requirements that shapes
the design of the software protocol are the low power consumption and small size. As

technology evolves, there will aways be atendency to reduce size of hardware, which
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constrains the power and storage facilities. Therefore software must efficiently use the
processor and memory. Second prominent feature of the sensor networks is the diversity
in design and usage. Associated software protocol must be flexible enough for
customizing applications according to the necessities. Third is the suitability of the
operating system for concurrent-intensive operations. The operating system must allow
for the flow of data from one place to another with minimum amount of processing. This
becomes crucia in multi-hop networks where information from either the nodes own
sensors or that from the other nodes needs to be captured, manipulated and streamed onto
the network simultaneously. Lastly, the operating system should allow for the robust and
reliable operation of the sensor network. Further information about the operating system
can be found in the literature. (Lewis, Madden, Gay, Polastre, Szewczyk, Woo, Brewer,
and Culler, 2004)

Two different applications of TinyOS were customized in order to measure crack
displacements from environmental factors. The first of those applications, a single-hop
wireless communication, was customized from a*“ SenseLightToLog” application. The
second was a multi-hop application that provides a more power efficient operation and
thus a more robust long-term operation of the sensor network.

Single-hop customization

The MDA 300logger single-hop customization is based on SenseLightTolL og
application, which is essentially designed to obtain photo readings from a sensor. This
application basically causes the mote to collect readings at predetermined intervals, write

them to the EEPROM, and transmit the sensor readings over the radio. In this customized
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application, a potentiometer ratiometric analog sensor is attached to the MDA 300
sensorboard.

The interface from the off-site central PC to the wireless data acquisition system
is provided through the command-line java application BcastInject. The customized

application isinitiated by two commands given by the central PC:

- START_SENSING: This command invokes the Sensing interface to collect a
specified number of samples at a specified sampling rate, and to store these
samples in mote's EEPROM.

- READ_LOG: Thiscommand will retrieve aline of data from the EEPROM and

broadcast it in aradio packet.

This application functions as a single hop network. The wireless remote nodes are
individual data loggers and they only transmit their data to the base station when
READ_LOG command is given. In this application, MIB510 and Moxa Nport form the
base station and served as an interface between the motes and an off-site PC. Battery

lifetime is between 27 to 50 days in this configuration and mode of operation.

Multi-hop Customization

This configuration provides a sophisticated method of multi-hop data propagation.
The XMesh software protocol is the routing layer for this application. It is an open-
architecture, flexible, and powerful embedded wireless networking and control platform
built on top of the TinyOS operating system. Some of the features of Xmesh include: 1.)
True mesh (Self-forming and self-healing in the case of loss of communication between

the motes) 2.) Coverage area is extended as the motes are added to the mesh 3.) Low
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power listening (wake up several times per second to listen to RF if thereis any data
ready to be transmitted). 4.)Can achieve more than year of battery life with reporting
intervals of 60 minutes.

In this configuration, even if the motes are out of the range of the base station,
they can form their own coverage area and communicate via multi-hop networking. As
opposed to the single-hop configuration, multihopping employs remote motes only as
sensing units. There is only one data logger, which is the base station. Stargate stores the
data and communi cates with an off-site PC. Table 2-1 summarizes the properties of the

two applications in a comparative way.

Table 2-1. Summary of the properties of single-hop and multi-hop applications

Sngle-hop Application Multi-hop Application
Wireless network of sensor dataloggers Wireless network of sensors
Each remote node acts as a data logger Only base station acts as a data logger

MIB510+Moxa Nport base station actsas a | Stargate is the base station as a gateway
and data storing unit
gateway only

Limited battery lifetime (~ month) Enhanced battery lifetime (~ year)

2.4 Benefitsof the wireless system

Physical Appearance

As described in previous sections, miniaturized wirel ess system saves time and
money ininstallation. Additionally, it significantly reduces the risk of disruption
associated with running cables through a structure that isin use. It also reduces

significantly the visual intrusion when employed within occupied structures.
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As shown by the insert in Figure 2.6, wires are an attractive nuisance. This photo
was taken after the tenant of the test house decided to “hide” the wires and transducers.
The plastic ivy across the transducers rendered them completely inoperable and the
system had to be moved out of the living room. For comparison, the center picturein
Figure 2.6 from the same house shows both wireless remote node with attached
potentiometer and wired sensors, which are connected by wires to the data acquisition
system. This picture demonstrates the contrast between wired and wireless systems from

the aspect of obtrusive appearance.

Figure 2.6: Plastic | vy used to hide wires and sensor (bottom right) and the wirelessremote node on
the ceiling
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Power Consumption

L ong-term power requirements of the wireless system were overcome by taking
advantage of the Crossbow hardware’ s low-power sleep mode in both applications. Since
environmental surveillance applications should operate for months or years, it must
operate at low power consumption without maintenance. A node spends most of itstime
asleep, and then periodically wakes up to sample, communicate and compute. The
percentage of time that a node is awake is simply known as node’' s duty cycle. There are
varieties of approachesto achieve low power duty cycles; these applications described
herein are just two of them. Figure 2.7 shows battery voltage decline during the test
performed with the single-hop application and 5 minutes duty cycles, from December 20,
2004 to 2004 to January 16, 2005. It is not possible to validate directly the battery lifetime
with those field measurements because the test was stopped when the motes were removed
for further development in the laboratory. However, if the battery decline curveis
projected to the future, the lifetime is estimated to be 40-42 days, which is very close to

the estimated lifetime calculated with 5 minutes duty cycles.
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Figure2.7: Mote battery voltage decline during thefield test (with 5 minute duty cycle)

In the single-hop mode, motes wake up for certain intervals of time to execute
sampling and to communicate with the base. At the end of thisinterval, they go to sleep
until the start of the new cycle. The power consumption profile during sleeping and
operating is shown in Figure 2.8. The spikes denoted by (a) represent sampling off the
potentiometer, which lastsin about 0.3 seconds and consumes 20-30 miliamps. Interval (b)
is the time span when the mote is awake for communication. Thisinterval is totally
dependent on the choice of convenience for communication. The shorter it is, the longer
the battery life. But then access to the system becomes available only at shorter intervals

per hour. Finally (c) denotes the sleep interval when the radio is turned off. The system,

18



with radio communication allowed for 15 minutes per hour, operated for about 27 days
with 2 AA lithium ion batteries. If the radio access period is reduced to 5 minutes, the
battery life will extend to 45 days with the same batteries. Use of higher density power

cells might prolong the battery life up to ayear.
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Figure 2.8: Power consumption profile of single-hop application (15 minutes duty cycles)

The Xmesh multi-hop protocol with the Stargate base provides more efficient and
built-in power saving model, which allows mote operation for about a year with two AA
batteries. Figure 2.9 and Figure 2.10 illustrates the power consumption profile obtained
by one of the low power modes available in multi-hop customization. According to this
protocol, as shown by the spikesin the figure, the motes wake up several timesin one
second for listening to RF and for transmission. But in this case transmission does not
necessarily mean that the motes are transmitting the analog sensor data. Those
transmitted packets shown with spikes several seconds apart from each and magnitudes
of 8-10 miliamps include the routing information between the motes in order to locate the

sensor in the network or re-form the network. In this manner, the motes can calcul ate the
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propagation path that will minimize the cost of transmission. During the first 3600
seconds in the timeline, data packets were sampled more frequently (1 minute apart from
each other) to form the topology and allow the motes recognize their neighbors. It was
experimentally proven that, for amesh of 3 to 4 remote nodes, 20 to 30 packets would be
sufficient to initiate areliable and robust wireless network. In case of field deployment, it
isdesirable to form the network quickly for the sake of installation time. Therefore,
sampling interval was chosen to be 1 minute for the first 60 packets. After that, 18
minutes passes between each sent packet.

Table 2-2 summarizes the current consumed in sleeping, transmission and
listening modes. Significant improvement from single-hop to multi-hop application is
apparent. Average current consumed during sampling and sleeping+listening modes are
about 4.20 and 0.31 miliamps respectively. Considering sampling intervals of 5 to 60
minutes, sampling clearly will not have a significant effect on the average power
consumption. In this situation, the overall hourly average current draw is approximately

0.31 miliamps and battery lifetime is estimated to be about 380 days.

Type of mode Single-hop application Multi-hop application
Sleeping [MA] 1.48 0.04

Transmission [mA] | 20-30 8-10

Listening [mA] NA 2-4

Table 2-2. Summary of the current consumed in different modes of single-hop and multi-hop
applications
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As mentioned before, the profile shown in Figure 2.9 and Figure 2.10 is just one of the
low power models available in Xmesh protocol. However, there are different power
consumption model that can decrease the average power consumption considerably. Therefore
battery lifetime can be prolonged to even more than two years with adaptation of yet lower
power modes.

On the other hand, power limitations complicate the issue of high-frequency sampling
triggered by outside phenomenon, since the motes must be sleeping most of the timein order to
conserve power. Even though power limitations are overcome and system is triggered somehow,

high frequency sampling still remains as an issue due to inadaptability of current software that
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runs with the motes. Therefore the system described in the scope of thisresearch is only capable
of acquiring long-term continuous measurements whose data rate is slower than 1 minute.
Future Wireless Data Acquisition systems could rely on solar cells for energy scavenging or a
device such as a geophone that produces a voltage pulse to wake up the mote.
Noise Level

Wireless systems are less noisy than the wired counterparts. The length of the wire
connecting the potentiometer to the MDA 300 is only about 1 foot long and thisisthe only wire
that can affect the output of the sensor. Wired systems on the other hand require much longer
wiresin order to connect the sensorsto the data acquisition system usually located far from the
sensors, which causes intrusion of noise to the sensor outputs through ground loops etc.

Since high frequency sampling cannot be implemented in the wireless system so far, it
isdifficult to have a meaningful comparison of wired and wireless systemsin terms of noise
levels. The highest sampling rate that is achieved by the wireless system is 10 Hz and the data
swing in the potentiometer output at thislevel is about 0.5 to 0.6 micrometers. On the other
hand, as will be discussed in Chapter 3, wired system yielded 10 to 15 micrometers of data

swingsin the potentiometer output at 10 Hz sampling.

2.5 Installation of the system

2.5.1 Description of theinstalled system and operation basics

Sngle-hop Confiquration

This system is designed to record the response of any infrastructure component where
the rate of change is slower than 1 unit per minute. Proof of this system was established by

measuring the response of cosmetic cracks in a house subjected to blasting at a nearby quarry.
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The structure, shown in Figure 2.11, is a concrete block house and blasting operations are
conducted 1500 to 2000 feet away from the structure. Data have been collected in this house on
experimental basis since August 2000. (Louis 2000 and M cK enna 2002)

Asshown in Figure 2.11, sensors are attached across cracks to monitor long-term
changes in crack width induced by environmental conditions and/or blasting activity. As
discussed in the previous sections, the wireless system is designed for measuring data whose
rate of changeislessthan 1 minute. The sampling rate was set to be 1 sample per hour in order
to match that of the wired data acquisition system in the house. Data presented in this section
were collected from November 18, 2004 to January 16, 2005. During this monitoring period,
internal temperature and humidity varied between 16 to 24 Celsius and 21 to 47 % respectively.
Since measurement of dynamic events requires high frequency sampling (1000 Hz in this case),
crack displacements from ground motion induced by the blast events were not measured.
However, any long-term effect of blast events on the general trend of crack displacement can be
detected with the long-term data.

The system excites and records the voltage output of the ratiometric string
potentiometer, shown in Figure 2.11, which measures micrometer changes in crack width. As
will be described in Chapter 3, the potentiometer is optimal because of its high sensitivity, low
power draw, and instantaneous response time. Such devices that operate with low power draws
are essential to the success of any wireless sensor system. Asthe width of the crack changes, so
will the resistance of the potentiometer. The change in crack width is then alinear function of

the output voltage of the potentiometer given a known input voltage.

24



Figure2.11. A potentiometer attached to a“remotenode’ and LVDT displacement sensors across the same

ceiling crack (bottom right) and picture of the instrumented house (top left)

At each sampling time (every hour in thistest case), the Mica2 activates the MDA300's
2.5 Volt excitation voltage to power the potentiometer. The voltage output of the potentiometer
along with temperature, humidity, and battery voltage are stored locally on the “ sensor node”
mote’ s onboard non-volatile memory. It isnecessary to utilize the precision input channels on
the MDA 300, which have 12-bit resolution over the approximately 0.4mm (0.016 in) full-scale

travel length of the string potentiometer to achieve aresolution of about 0.1 um (3.9 uin).
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Whenever dataretrieval is required from the remote site (every day at 11:00 PM in this
test case) the central PC autonomously communicates with the wireless system via the Internet
viaamodified version of Bcastlnject to broadcast a“read log” command and a mote address
across the mote network. The mote in question will then transmit all of its data back to the off-
site PC where it is recorded to the hard disk. This processis repeated for each mote address in
the network. Once all motes have sent their data, a*“start_sensing” command is issued which
tells all motesin the network to clear their memory and resume scheduled sampling. This
processis easily automated to acquire the data and display it on the Internet.

The interface from the off-site central PC to the Wireless Data Acquisition system s
provided through the command-line java application Bcastinject. Since single-hop application
is based on SenseLightTolL og, Bcastlnject requires only slight modification to interact properly
with the current configuration.

Multi-hop Configuration

Like single-hop configuration, this protocol is also designed for long-term measurements
of data whose rate of change isrelatively slow. As discussed before, this system allows multi-
hop networking between the remote nodes and the base station, Stargate, which functions as a
gateway and a storage unit in the field. This configuration utilizes much more sophisticated
methods of datalogging and power consumption in terms of wireless communication as
discussed earlier

The multi-hop system has been field tested on the roof of the building housing the
Infrastructure Institute of Technology laboratories as shown in Figure 2.12. Thistest was
performed in order to validate the field performance of the wireless motes operating in a multi-

hop mode. The motes were exposed to the harshest environment on the roof of a downtown
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building in terms of wireless communication. Two potentiometers were attached to two different
remote nodes. Each outside remote node, which consists of sensorboard (MDA 300), radio
module (mica2) and an outboard sensor (potentiometer), sampled the temperature, humidity,
battery voltage and displacement sensor data every 18 minutes. One remote inside the elevator

penthouse measured only temperature, humidity and battery voltage.

Figure 2.12: Remote nodes deployed on theroof of a downtown building

Those samples were propagated to the base through the most efficient path network. Efficiency
(cost) isameasure of distance and is calculated by wireless routing algorithms, which will not
be discussed in detail. Data sampled every 18 minutes were stored in the base (Stargate) and

retrieved via Internet autonomously every night.

27



25.2 Anaysisof theresults

Crack response to environmental effects
Two strategies are emerging for measuring crack response to determine the effect of

vibratory motions: 1.) Long-term measurement or Level 1 2.) Dynamic as well aslong-term
measurement or Level 2. Level 1 approaches answer the question: Did the ground motion
change the long-term pattern of crack response? Long-term in this case is that response that
occurson adaily, weekly or yearly basis. Figure 2.13 presents such a change in long-term
response observed with Level 1 surveillance. (McKenna, 2002) Rain in New Mexico on July
11" (high humidity on the lower graph) produced the permanent offset in the response pattern.
The average daily crack response (shown on the middle graph) was shifted 20 um (800 pin).

The cyclic daily changes are heavily influenced by the large temperature changes shown in the

upper graph.
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Figure 2.13. Long-term crack displacements and weather changes (M cK enna, 2002)
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Level 2 comparison isshown in Figure 2.14. Level 2 surveillance involves measurement
of both long term and dynamic crack response with the same gauge. The dynamic, 4.83 um (190
uin) peak to peak crack response to the 9 May 2.03 mm/s (0.08 ips) blast induced ground
motion is shown on the bottom right. This dynamic crack response (shown by red dots in the
bottom left) is compared to the long-term crack response in the bottom left. In this case the
dynamic response isonly 1/100 that of the average daily, zero to peak, response of the crack

induced by the temperature changes.

30



May @, 2005 1623

Environmental driving force

wF  (temperature) trangverse nises B ast induced ground motion

'EE , 002
a“- . . ..". .‘. --. 006
fil- . N WL S T 0.04-
T O A Y 0.02-
i SIS T 0
4 F r f “Ll " " -
i . NN 02
104 0047
- 006
104 00z
1 e, | e e ! 01 T T T T 1
4 i i = it il 750 1,000 1,250 1,500 1,750 2,000
rrilliseconds
Betrion Couck May 9, 2005 16:23
_ ricroinches
o cinches 7993
32,0001 7755
24000 LT
16,0007 T
2,000 7641
1] 1603 T T T T 1
4730 52 750 1,000 1,250 1,500 1,750 2000
milliseconds

Figure 2.14. Level 2 comparison of crack response (K entucky, 2005)

31



Level 1 monitoring issimpler than Level 2 for at |least three reasons. lower sampling
rate, single mode of operation, and less required precision. First, measurement of long-term or
Level 1 response only requires measurements of change in crack response once an hour (or one
sample per hour), the timing at which can be predetermined. Level 2 requires measurement at
1000 samples per second during dynamic excitation, which can occur at any time and thus
ordinarily requires constant sampling and power draw. Second, measurement of dynamic
response requires switching between the 1000 samples per second mode of operation upon
dynamic excitation and the one sample per hour mode for long-term. A complex triggering code
is needed to facilitate this change “on the fly”. Third, crack response to typical vibratory
excitation tends to be much smaller than that to weather induced responses. As can be seen from
the above examples, long-term response only requires accuracy to say 1 um (40 pin) to capture
the long-term, 20 to 200+ zero to peak um, daily and longer-term changes.

Since the wireless system developed in the scope of this research is only capable of
performing long-term measurements, crack response analysis must be conducted on the basis of

Level-1 monitoring.

25.2.1 Measurement of crack response (Sngle-hop customization)

Comparison of the measurements with the wired benchmark system

Data obtained from the wireless system were validated by comparison with awired
benchmark system that had been used in the test house for some five years. The benchmark
system employs two types of position sensors to measure micrometer changesin crack width —
an LVDT displacement sensor and an eddy current proximity sensor. The LVDT was the only
sensor operable with the wired benchmark system during the wireless monitoring period. Figure

2.15 compares the long-term crack displacements measured by wired and wireless systems
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along with the associated temperature changes. In addition to the raw crack displacements, 24-
point moving averages are also plotted in Figure 2.15. As can be seen, the long-term response

measured by the two data acquisition systemsis remarkably similar.
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Wireless-Wired Comparison with moving averages (Nov18, 2004-Jan16, 2005)
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Figure 2.15: Temperature and crack displacement measurements by wireless and wired data acquisition system in Milwaukee test house during
November 18, 2004 to January 16, 2005.



The actual measurements, 24-hour averages, and overall averages were used to
determine crack response to weather effects. Weather effects have three distinct contributors:1)
frontal movements that change overall temperature and humidity for periods of severa daysto
severa weeks, 2) daily responses to changes in average temperature and 3) events that contain
extremes of unusual weather or other environmental effects. Table 2-3 lists all of the average
and maximum values for the frontal, daily, and weather effects. As seen from the valuesin the
table, temperature measurements obtained by the wireless system agree with those obtained by
wired benchmark system. On the other hand, humidity results indicate a mismatch either caused
by the inaccuracy of the MDA 300’ s onboard humidity sensor or incorrect conversion of the

analog voltage datato physical data within the software protocol of wireless hardware.

Table 2-3: Computed long term crack displacements due to weather effect (Thevaluesin parenthesisare
from the wired benchmark system)

Temperature | Humidity Crack
[Celsiug] [%0] Displacement
[um]
 Frontal Effect
Average deviation of 24 pt. average from
overall average 1.85(1.72) 12.46 (16.01) | 76.20(76.0)
Max. Deviation of 24 pt. average from overall
average 0.39(0.36) | 4.06(5.12) 33.70 (34.6)
DalyEffect
Average deviation of actual datafrom 24 pt.
average 3.36(3.14) | 8.00(8.87) 44.20 (64.98)
Max. Deviation of actual datafrom 24 pt.
average 0.65(0.55) | 1.15(0.98) 6.40 (10.56)
Weather Effect
Average deviation of actual data from overall
average 4.00(352) |14.81(17.15) | 111.60(118.9)
Max. Deviation of actual data from overall
average 0.75(0.66) | 4.29 (5.25) 34.00(35.2)

Crack displacements associated with the weather effects are also listed in Table 2-3.
According to the results listed in the table and plotted in the (a) and (b) figures of Figure 2.15,

displacements obtained by the wireless system are in a reasonabl e agreement with those
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obtained by the wired benchmark. Data exhibit very similar patterns but with slightly different
magnitudes. Inaccuracy in the output of the potentiometer, as will be discussed in Chapter 3,
might contribute to the differences in the magnitude of the displacements.

Effects of blast events on long-term crack displacements (with Single-hop customi zation)

Asdiscussed before, thisisaLevel 1 wireless system. Sinceit is not designed for high
frequency sampling, crack displacements induced by ground motion cannot be measured.
Instead, the effect of blast events on the overall response pattern will be analyzed during the
monitoring period. Blast events during the monitoring period are listed below.

1- November 19, 2004 9:04, 9:08, 9:13 blasts
2- November 23, 2004 9:47, 9:52, 9:56 and 10:00 blasts
3- November 30, 2004 10:47, 10:51, 10:56, 11:00, 11:05 and 13:42 blasts
4- December 2, 2004 15:44 blast
5- December 6, 2004 12:30 blast
6- December 21, 2004 11:53 blast
7- January 4, 2005 11:03, 11:08, 11:11, 13:00 and 13:05 blasts
Those blast events are annotated in Figure 2.16. Measurements during the entire monitoring

period are separated into two plots for the purpose of clarity. Temperature variations are

included in the charts to provide areference for “other” drivers of crack response.
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Figure 2.16: Crack displacement measur ements by wireless system with blast events annotated
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Figure 2.17: Close-up view to thelong-term data during blast events
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Enlarged displacement profiles for time periods surrounding some of the blast events are
presented in Figure 2.17. As shown, crack displacements did not exhibit any different behavior
than during non-blasting periods, where environmental factors are the only the driving force
inducing crack opening and closing. Several blast events occurred during this monitoring period,
within arange of 1.27 to 3.05 mm/s (0.05 to 0.12 ips) peak particle velocity, but none of them
influenced the long-term crack displacement behavior triggered by environmental effects,

mainly temperature.

2.5.2.2 Roof test (Multi-hop customization)

As discussed in previous sections, multi-hop mesh network application allows the
network operates for about ayear on one pair of batteries. As opposed to the single-hop
configuration, this customization is a very sophisticated method of forming a wireless network
in terms of power saving and data transmission efficiency. Figure 2.18 shows the results
obtained from the test performed to validate the performance of the motes programmed with
multi-hop configuration. Two remote nodes measured the expansion and contraction of
aluminum and plastic donut respectively via potentiometer. The mote ID2 and 1D3 denote the
nodes with the potentiometers on the aluminum plate and with the plastic donut respectively.
Remote node ID1, inside the elevator penthouse, measured only temperature, humidity and
battery voltage. The reason for using another remote node was to make sure the mesh network
could operate with multiple motes. Therefore, mote ID1 results will not be shown due to
insignificance of its data. Although the temperature was not directly measured on the plate or
donut, the cyclic temperature variations in the box clearly reflect the daily expansion and

contraction cycles of aluminum plate and plastic donut.
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Figure 2.18. Temperature and displacement variation measured by the wireless remote nodes on the r oof
Dominant and secondary peaks of 1D2 (measured by the potentiometer on the aluminum
plate) follow the daily humidity changes as well as they do the daily temperature changes as
shown in Figure 2.19. Humidity dependency is apparent on June 3 and 4 at around 5:00 AM

when the humidity level reached 89 %.
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Temperature and Humidity sensitivity of Potentiometer on the Aluminum Plate
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Figure 2.19: Humidity variations with the expansion/contraction of the aluminum plate measured by mote
ID2 with the potentiometer on the plate.

The motes were located on the roof and they were separated from the base station by the
wall of equipment house. Existence of numerous antennas on the roof complicated the wireless
communication for the motes. Even so, the motes worked well under these conditions. During
the monitoring period, no data were lost in transmission and the mesh operated without any
stoppage. Based on the algorithm written for dynamic mesh networks, the motes searched
continuously for the most convenient path of propagation to the base. For example, the mote
denoted by 1D2 used two different paths during the monitoring period. First path was the direct
path from itself and the other is the path to the base through the mote denoted by ID3 and ID1.
Thisis an outcome of dynamic process of motes listening to the environment. They find the path
that will yield minimum cost of transmission and this path changes dynamically according to the
environment. This feature of multi-hop operation makes the motes aware of their mesh
environment and allows for quick adaptation without losing any data during transmission.

Plotted in Figure 2.20 is the battery voltage status of the motes during the roof test. The

fluctuationsin battery voltage indicate the sensitivity of the AA batteries to the temperature of
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the environment. But the overall average voltage of the batteries does not exhibit any decline

during the monitoring period.
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Figure 2.20. Battery voltage fluctuations of the motes during the roof test

2.6 Conclusion

Recent advances in electronics and wireless communication have accel erated
development of low cost wireless sensor networks that can be employed to monitor structural
health. While these wireless mesh networks are promising for wireless technology for numerous
applications, much research remains to deploy awide variety of sensor instruments and data
collection protocols.

Performance of the wireless network for monitoring long-term crack response described
herein is promising when compared to results obtained by a wired system at its peak
development level. Crack displacements produced from environmental effects such as
temperature and humidity were measured during a two-month period and the data were
autonomously displayed on the Internet successfully. ThisisalLevel-1 of the Autonomous Crack
Monitoring (ACM) systems, which includes installing an operable remote controlled data
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acquisition system, measuring and collecting data (temperature, humidity and displacement or
velocity) at regular intervals. Level-11, which requires sampling at high data rates for random
events via atriggering mechanism, requires more research and development for wireless
deployment.

Magjor issues that complicate deployment of Level-Il systemsinclude high frequency
sampling, triggering, low power consumption and efficiency of datatransmission, all of which
can induce high levels of power consumption. Power management is crucial for low power
wireless sensor nodes and uninterrupted measurements. Wireless sensor node can only be
equipped with small batteries, which limit power and operationa life. Thus power management
and conservation gains additional importance and all external devices connected to the sensor
node, such as potentiometer displacement transducer in this case, must be selected to consume
the least energy possible. Sensor nodes rely on two lithium ion AA batteries and battery lifetime
can vary between 27 daysto ayear depending on the sampling interval and the sel ected power
management model provided by the software protocol. Higher density batteries or solar cells
could be adapted to the sensor node to scavenge energy.

Two specific operational modes were designed for Level-1 measurements and deployed
in the field to test wireless system performance. The single-hop system was deployed in a test
house to measure crack displacements. Results obtained by this system were compared to those
obtained by the wired benchmark system operating at the same time. The wireless system
measured inside temperature, inside humidity, battery voltage and displacement. According to
the results and comparisons presented in the previous sections, the outcome is promising in
terms of measurement of general trend of crack displacement from environmental factors such

as temperature and humidity. Battery lifetime of this application is expected to be 27 to 47 days.
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Reliable and constant Internet connection was essential in this operation to retrieve data stored
in the remote nodes. This indispensable dependency sometimes resulted in poor data
transmission efficiency.

The multi-hop configuration is a much more sophisticated wireless mesh network. It
provides for extended spatial coverage and expands the battery lifetime to ayear. Sampled data
was stored in the Stargate, a more powerful and versatile base station. Since data are stored in
the base, dependency on the Internet for connection communication is decreased. This
application also eliminated the transmission efficiency problem in long-term measurements. The
wireless system with multi-hop configuration was deployed on the roof of a downtown building
where the motes were exposed to a very harsh environment in terms of wireless communication.
Surveillance continued for about 1 month and the system functioned continuously without any
loss of data.

Current operational protocol with its power management module prevented high
frequency measurement of randomly timed events via a triggering mechanism. According to the
current protocol, the motes only wake up about 1 to 2 times per second for listening to the other
motes, transmitting routing information several times per second and transmitting the actual data
at pre-determined intervals. Randomly timed events may be measured by triggering with a
hardware interrupt. Work has already begun to create a circuit to compare a threshold voltage
with the signal coming from an outboard geophone, which produces a voltage without requiring
an excitation voltage. If the threshold level is exceeded, the output signal will trigger the mote to
begin high frequency sampling of the potentiometer output for afixed timeinterval. This
application requires construction and adaptation of the analog comparameter circuit to the mote

aswell as modification of high frequency sampling module.



CHAPTER 3

3 QUALIFICATION OF POTENTIOMETER

3.1 Introduction

This chapter summarizes qualification testing of string potentiometers for measuring sub
micro-meter changes in crack width or displacement. Potentiometer displacement sensors do not
require awarm-up interval and thus draw little power. As aresult, they are attractive for
wireless measurement, which isimportant as future autonomous crack displacement
measurements almost certainly will be wireless. Potentiometers measure displacement through
rotation of a spring-loaded drum. While this system is thought to have little influence on the
long term, quasi-static changes in crack width, it has its own dynamic response. Thusin addition
to the usual qualification tests needed to ensure low noise, drift, and hysteresis during long-term
surveillance, potentiometers also required development of a qualification method to determine
their dynamic response characteristics. Procedures to qualify potentiometer performance should
be similar to those for the more traditional, high power drawing LVDT and eddy current
Sensors.

Any instrument that must endure cyclic temperature and humidity over long periods of
time must maintain a constant relation between its output and the parameter being measured.

Thusit cannot drift or have alarge hysteretic response. Furthermore its noise level must be less
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than typical variations of the parameter being measured. Before proceeding it isimportant to
define these three parameters with respect to measurement of micro inch crack displacement.

Linearity of the sensor output with respect to cyclic variations in displacementsis one of
the major factors that determine the accuracy of that sensor output. The ideal transducer is one
that has an output exactly proportional to the variable it measures within the sensor's quoted
range. Linearity of the sensors can be defined by the hysteretic bandwidth of the displacement
during the expansion-contraction cycle of the material to which sensors are attached. Hysterisis
isthe difference in the output of the sensor at the same temperature during one cycle. Obvioudly,
the sensors that have smaller hysteretic bandwidths are more reliable. Importance of hysterisisis
amplified by cyclic temperature environment that accompanies and induces the change in sensor
displacement.

In addition to hysteresis, electronic drift is another challenge posed by the cyclic variable
temperature environment. It isimportant that there be no to little instrument drift during crack
response to cyclic environmental change over long period of time. Drift can be explained as
major changes or shiftsin the sensor output over time. The only change in output of with time
should be caused by the displacements of the crack.

It is also important that the instrument noise level be smaller than the particular physical
guantity measured by the sensors. Otherwise the actual quantity will be buried in the noise and
will not be detected by the sensors.

Three different test mechanisms were established to quantify the consistency of the
potentiometer response against the hysteresis, drift, noise and transient displacements. Two of
the tests were designed to evaluate the response of the potentiometer to the long-term variations

in temperature while measuring long term changes in displacement. The other mechanism was
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designed to analyze the response of the potentiometer to transient displacements. The overall
purpose of these tests was to mimic the effects of cyclic temperature variations and blast
induced ground motion in a controlled test environment so that the results can be compared to
the other sensors whose response has already been qualified in similar tests and field conditions.
In addition to the laboratory measurements, responses of the potentiometer and LVDT
mounted across the same crack in atest house were compared. Thisfield test was devised to

assess the performance of the potentiometer in field conditions that included in blast events.

3.2 Experimental Setup

Two different mechanisms were designed in such away that they can simulate the effect
of field conditions that are responsible for crack width change, which in turn produce sensor
displacements. Several field conditions were simulated. First, the system was subjected cyclic
temperature variations, which cause crack opening and closing due to expansion and contraction
of the walls. Long-term qualification tests involve sensor measurements of temperature induced
cyclic expansion and contraction of two types of expandable materials. Second, the system was
subjected to dynamic displacements. Thistransient displacement qualification test involved
sensor measurements of change in separation of two aluminum blocks subjected to impact

loadings.
3.2.1 Long-Term Qualification

3.2.1.1 Test Description and Configuration

Long-term response of the potentiometer to cyclical temperature variations was
monitored on two different types of plates of known coefficient of thermal expansion and with a

hollow cylinder of PE-UHMW (Polyethylene -Ultra High Molecular Weight) glued between the
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sensor and itstarget. All sensors in these tests were subjected to temperatures that cyclically
changed between 15 and 30 degrees Celsius.

Figure 3.1 shows the one of the plate tests. The potentiometer and a comparative DC
750-050 LVDT were glued close together on the surface of aluminum and PE-UHMW platesto
respond to similar thermal expansion and contraction of the plates due to cyclically changing
temperature. Temperature on the plate was measured with a thermocouple between the sensors.
SOMAT 2100 stacks whose details will be given in the succeeding section collected sensor and
thermocouple measurements. The traction on the boundaries of the plates was minimized in

order to have homogeneous thermal strains on the plate surface.

Figure 3.1 Experimental setup from thetest on the aluminum plate

Figure 3.2 shows the configuration of another long-term test, which will be referred as
“donut” test. Same types of sensors used in plate test directly measure displacementsin a
material of known coefficient of thermal expansion. In this case the hollow cylindrical material,
which isa PE-UHMW, was glued between each of the sensors and their targets. Thermal

expansion and contraction of the donut directly changed the opening and closing of the gap
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between the sensor and target. Thermocouples taped on the donut measured the cyclically

changed temperatures of the polyethylene.

AR 2 G RN
: 3 l Thermocouple
I. -~:__,=" :
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PE-UHMW
(donut)

Figure 3.2: Experimental setup from donut test

3.2.1.2 Instruments and Hardware

The potentiometer and comparative LVDT measured the expansion and contraction of
the material to which they were glued during the plate test and that between the sensor body and
its target during the donut test. LVDT sensors have been used in crack monitoring projects for

many years and they are accepted as reliable enough to validate the output of the potentiometer.
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A SpaceAgeControl type 150 potentiometer (SpaceAgeControl, 2005) was chosen for
evaluation because of its small size, low energy consumption and no warm-up time, which is
advantageous in the wireless sensor network projects. Figure 3.3 shows a close-up view of one
of potentiometers utilized during the qualification tests. A potentiometer sensor consists of a
stainless steel extension cable wound on athreaded drum that is coupled to a precision rotary
sensor. Operationally, the position transducer is mounted in afixed position and the extension

cable is attached to a moving object. The axes of linear movement for the extension cable and

moving object are aligned with each other.

Figure 3.3 Close-up view of the potentiometer across a crack on the ceiling of thetest house in Milwaukee

As movement occurs, the cable extends and retracts from an internal spring that maintains

tension on the cable. The threaded drum rotates a precision rotary sensor that produces an
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electrical output proportional to the cable travel. Potentiometers were excited with alinear 2.5
Volts supplied by the data logger whose details will be given in following sections.

For both experiments, a Macrosensors DC-750-050 “infinite resolution” LVDT served as
the benchmark sensor. They were powered with a regulated, linear —15 to +15 volts DC power
supply.

All sensors deployed in plate and donut test were wired to SOMAT 2100 data logger
system. Resolutions of measurement systems employed in qualification testing shown in Table
3-1 were similar to the protocol of the al other ACM projects. During the monitoring period, the
SOMAT would record a single point (duration of less than 1/1000™ of a second) sample every
hour. As aresult single displacement measurements from these hourly readings generated long-
term displacement time histories. To download the recorded data, a laptop computer with the
Somat Test Control Software for Windows (WinTCS v2.0.1 software), was connected to the
SOMAT and datawas retrieved either daily or at an interval of several days during the
monitoring period. WinTCS output files were converted to ascii text format by means of

SOMAT Ease Version 3.0 in order to process the datain Matlab and Excel.
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Table 3-1: Resolution of measur ement systems employed in qualification

Layers Full Nominal Actual A/D Conversion Resolution
Scale Range Range steps' factor
Range (mV/vm)
LVDT_1 -10to10 1.25mm -0.5t005V 0.244 7.874 0.031 (um)
\% mV/step
LVDT_2 -10to10 1.25mm -0.75t00.75 0.366 7.874 0.046 (um)
Vv \Y mV/step
LVDT_3 -10to10 1.25mm -0.5t005V 0.244 7.874 0.031 (um)
\% mV/step
Potentiometer | Oto25 381mm -125t0125  0.0061 0.057 0.105 (um)
\% mV mV/step
Layers ADC Actual Range  Resolution Sampling rate
conversion
(bits)
Temperature 1 8 -100°-300°F 0.2°C 1000 samples @ 1000 Hz
Temperature 2 8 -100°-300°F 0.2°C 1000 samples @ 1000 Hz

IA/D steps = Actual Range/ 2P P'ts

The actual range of the sensors was set to a certain fraction of the output that can be read
off the sensor in order to maintain an appropriate resolution. The resolution of a sensor is
directly afunction of this range divided by the number of A/D steps, assuming that the sensor
response is linear within the full output range. The number of bits provided by the SOMAT
stacks for all displacement sensors and thermocouples are 12 and 8 respectively. Displacement
resolution is 0.1 um (3.9 uin), which is acceptable as determined from past experience.
(Dowding and Siebert, 2000)

Thermocouple sensors were employed to measure the temperature of the material
subjected to expansion and contraction cycles during plate and donut tests. Thermocouple
voltage signal is converted to logger format in a 2100-compatible SOMAT Multiplexer. As
shown in Table 3-1, the resolution of those sensorsis 0.2°C, which is sufficient enough to

capture the fluctuations of the temperature.
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3.2.2 Transient Response

3.22.1 Test Description and Configuration

Vibration induced transient crack opening and closing was simulated by applying impact
loads on the top of aluminum two blocks shown in Figure 3.4 that sandwich thin rubber sheet.
Concern about the effect of vibration of the string cable on the potentiometer measurement lead
to development of this device, which was subsequently employed to compare responses of
LVDT and eddy current devices as well.

Figure 3.4 shows the test configuration to compare potentiometer and eddy current
sensor response. The same test procedure was repeated with eddy current sensor and
potentiometer sensor couples as shown in Figure 3.5. In each test both sensor bodies were glued
on the bottom plate at an equal distance from the centerline of the block whose displacements
were restricted in the horizontal and vertical directions. Sensor targets were glued on the upper
plate that should ideally move only in vertical direction. A thin rubber sheet was placed in
between the aluminum blocks. Small dynamic vertical displacements of the upper block relative
to the lower were produced by dropping a small weight on the upper block. Therefore the drop
weight mechanism as shown in Figure 3.4 was designed not only to have an adjustable drop
height of the weight but also to allow loading at the center of the top face of the upper block. A
weight of 0.1 kg (0.22 Ibs) was dropped through the pipe at various heights to generate impact
loading in the upper block. Although uniform displacements of the upper block was anticipated,
either lack of horizontal support or difficulty of aligning the load with the center of gravity of
the upper block caused a slight non-uniform displacement at the face of upper block. This slight
deviation affected the magnitudes of the displacements measured by the sensors and caused an

unknown variation of sensor outputs.
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Figure 3.5: Eddy current sensor-potentiometer (on the left) and LV DT-potentiometer (on theright) attached

on the dynamic test setup

In addition to the laboratory experiments, two potentiometer sensors were integrated

with an ongoing project in atest house in Milwaukee to compare laboratory and field



performance. Asit is shown in Figure 3.6, the potentiometer sensors are next toaLVDT sensor
across the same ceiling crack. This house was subjected to ground vibrations from blasting in an
adjacent quarry. The purpose of these measurements is to compare displacements measured by

the potentiometer and the benchmark LVDT sensor to the same dynamic crack responses.
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Figure 3.6: Potentiometer and LVDT glued on the ceiling crack of the test house in Milwaukee

3.2.2.2 Instruments and Hardware

An EDAQ Data Acquisition System polled al the sensors and stored and transmitted
datawhen it was called. The EDAQ was configured to record sensor output continuously during
the impact |oadings by a protocol whose details are shown very briefly in Table 3-2. Voltage
outputs from the sensors were automatically converted to the displacement units in this protocol.
EDAQ analog channels provide 16 bit A/D conversion steps, which results in greater resolution

than that of SOMAT 2100 used in plate and donut tests.
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Table 3-2: Configuration of the EDAQ measurement system employed for dynamic qualification

Channéd Type Sampling Output Resolution [mV] Conversion factor
Rate[hZ] Range[mV] (Range/2'°) (mV/om)
LVDT 1000 -1,000 to 0.03 7.874
1,000
Potentiometer - 1000 -1,000 to 0.03 0.68
I 1,000
Potentiometer - 1000 -1,000 to 0.03 0.69
[ 1,000
Eddy Current 1000 0to 5,000 0.076 Determined by a
Sensor polynomial.

A DC750-050 LVDT and a Kaman SMU-9000 SU (eddy current) sensor were also
employed in the transient testing protocol. The Kaman gauge senses the changes in the magnetic
field induced by changes in the distance between the sensor and the target. Eddy current sensors
have been utilized in crack monitoring projects for years and are accepted to be the most reliable
and sensitive sensor. The operational principal of the LVDT has been described in earlier
sections.

All the sensors were connected to EDAQ but powered by alinear external power supply.
The excitation range for the sensors was —15V to 15VDC for the LVDT and potentiometer and
0-15VDC for the eddy current sensor. Implications of the higher excitation voltages employed
for the potentiometer with EDAQ than with the wireless data acquisition system will be

discussed in the following chapter.

3.3 Interpretation of Data

3.3.1 Long-Term Test

Dataretrieved from SOMAT 2100 data acquisition system was converted to ASCI| text

format with available versions of Ease or Infield software so that Excel and Matlab could be
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employed to process the output files. Thisfile contains the displacement and temperature sensor
datain volts. The procedure can simply be explained in steps as follows:
e Calculate the average of 1000 data sampled at the end of each hour to represent the
hourly data,
e Convert the electrical units to displacement with the conversion factors givenin
Table 3-2,
e Calculate the displacements relative to the initial position of the sensors
e Calculate the theoretical displacements by using the coefficient of thermal
expansion of the material on which the sensor were glued,
e Generate the necessary plots to analyze the behavior of the potentiometer and
compare it to the benchmark sensor
In the following sections, response of the potentiometer will be discussed in detail by presenting

comparative and trend plots along with some statistical measures.

3.3.1.1 Sensor Displacement and Temperature Variations with time

Figure 3.7 shows the measured displacements and temperature variations during the two
plate and donut tests. Asit can be seen from those trend figures, cyclic temperature variations
causes the plates and donut expand and contract. Temperature varied from 15 to 32 and 10 to 30
degrees of Celsius during the plate and donut tests respectively. However the donut that was
glued in between LVDT sensor body and its target was subjected to temperatures approximately
5 degrees of Celsius higher than the potentiometer donut. The heat generated by the LVDT cail
and absorption of this heat by the donut might explain this constant temperature difference. It is
thought that heat generated by LVDT during the plate tests dissipated more quickly in the plate.

On the other hand uneven dissipation of heat under the portion of the plate where the sensors
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were glued might have caused a temperature gradient, which would induce non-homogenous
thermal strains. Thisfactor should be considered when comparing the outputs of the two sensors
caused by temperature changes to base plates. During all of the tests the displacements measured
by the potentiometer closely followed the temperature fluctuations, which should justify the

robustness of the sensor and sensitivity of the sensor to temperature variations in long-term.
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Donut Test Potentiometer displacement time history- March 28-April 6,2005
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Figure 3.7: Sensor displacementswith temperature variation during the plate and donut tests

3.3.1.2 Comparison of sensor response with theoretical displacement

Plates and donuts used in the long-term tests were subjected to cyclic
expansion/contraction that resulted from temperature variations in the test environment.

Magnitude of expansion or contraction depends on the temperature changes, coefficient of
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thermal expansion as well as the length of the material between sensor and itstarget. Thermal
strain in a homogenous initially unstressed material with minimized body forces can be assumed
to be uniform and given by Equation 1.

ALIL = o * AT (1)
where a isthe linear thermal expansion coefficient and AT is the temperature change. Thermal
expansion coefficient of plastic donut and plate used in the tests are 198 pm/m/°C (110
uin/in/°F) and that of aluminum is 24 pm/m/°C (13 pin/in/°F).

As seen from Equation (1), displacement is also afunction of the length, which might
pose a challenge in the plate tests since the point of fixity of the sensor on the plates cannot be
determined accurately. See Petrina (2004) for a detailed discussion of the comparison of full and
partial gluing aswell as*“hot glue” vs epoxy. In the scope of this study, this length will be
simply assumed to be the gap between the sensor body and its target. Thisfixity problem was
eliminated during the donut test since the expandable material was placed between the body and
the target so that the sensors could directly measure the changes in the length of that material.

Figure 3.8 shows the relationship between theoretical displacements and the
displacements measured by the potentiometer, which correspond to the expansion and
contraction of the plates and the donut. It is readily seen from the figures that the displacement
measured on the aluminum plate (middle) is much less than those measured on the plastic plate
(bottom) and the donut (top) as was expected because of its smaller thermal expansion
coefficient, o.. The range of the displacements with respect to the initial position of the sensor is

210 —12 um (79 to —472 nin) during the aluminum plate test whereasit is 15 to —27 um (590 to

—1063 pin) during the plastic plate tests and -22 to 13 um (-866 to 512 pin) in the donut test.
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Figure 3.8: Comparison of measured and calculated potentiometer sensor displacementsinduced by
cyclically varying temper atures

The best relationship between measured and theoretical displacements should ideally be
alinear relationship. But there are various factors that might cause the measured displacements
deflect away from the theoretical displacements. Most important of those is the uncertainty of
the fixed length on the plates, L, which must be assumed in Equation 1. Other factors that can

affect the mismatch might be the accuracy of the sensor or the non-uniform strains on the plate
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or donut. In order to assess the accuracy of the potentiometer, the displacements measured by
the potentiometer will be compared to those measured simultaneously by LVDT in the

following section.

3.3.1.3 Comparison of performance of Potentiometer to LVDT in the plate and donut tests

Figure 3.9 provides a comparison between potentiometer and LVDT during the plate and
donut tests. Except for the aluminum plate test, the displacements detected by the potentiometer
are apparently smaller than the displacements measured by LVDT. Hysteretic loops for the

LVDT are smaller than for the potentiometer.

62



60 —

Donut Test

N
o
|

= Potentiometer
_— — LVDT

Measured Displacement [um]
|

-60 —

Aluminum Plate Test

-20 —

Measured Displacement [um]
|

Plastic Plate Test
60 —

Measured Displacement [um]
|

-60 ‘ ‘

8 13 18 23 28 33
Temperature [°C]
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Hysteretic bandwidth is a function of the accuracy of the sensors as well as how the plate

or donut material behaves linearly with respect to cyclic temperature variations. A statistical

measure of the goodness of the data is defined by the following variablesin Table 3-3: ¢, is

equal to the residual mean over the difference between the two extreme values of the measured

cumulative displacements, whereas o, is equal to the standard deviation of the measured

cumulative displacements (with respect to the regression line), divided by the difference

between the two extreme values of the measured cumulative displacements. R is the regression

coefficient. These statistical measures are defined graphically in Figure 3.10.

1= [Mean of Residuasl/[ AH]

o,= [Standard Deviation of the Residuals]/[ AH]

Table 3-3: Some statistical measures of plate and donut tests

)
®3)

Test LVDT POTENTIOMETER
o Test Duration 2 2
Description Gl o R 3] G2 R
Aluminum platelg/03/04-8/12/2004| 0.023 0.015 0.989 0.065 0.051  0.908
Plastic plate [g/14/04-9/6/2004 | 0.008 0.006 0.998 0.034 0.025 0.962
Donut Test  |3/28/05-4/6/2005 | 0.014 0.012 0.991] 0.023 0.019 0.973
Linear
Trendline
AH

Figure 3.10: Residual, largest cumulative displacements on a sketch




Comparison of donut response with the plastic and aluminum plate responses for each
sensor is shown in Table 3-3. For the aluminum and plastic plate test comparison (top and
second row in Table 3-3) both o; and o, arelarger for the aluminum plate. In other words the
aluminum plate data are more spread out around their trend line per unit of measured cumulative
displacement than are the plastic plate, which is obvious from Figure 3.8. On the other hand, the
donut test, which most precisely controls L, shows lower ¢’ s than the aluminum plate tests.
Scatter coefficients, o; and o,, are smallest for the potentiometer from donut test but not for the
LVDT. In terms of sensor-to-sensor comparison, those coefficients, which are measures of
hysterisis and goodness of the data around the trend-line, are always greater for the
potentiometer than the LVDT.

In addition to the different hysteretic behavior of the sensors, the magnitudes of the
displacements also differ. Considering that average material temperatures are greater around
LVDT dueto the heat generation by LVDT, as discussed in the previous sections, displacements
were normalized by temperature variationsin order to compare the sensor outputs. This
normalization procedure will be also helpful when comparing the response of the potentiometer
to LVDT in the donut test since temperatures, as shown in Figure 3.7, are different during the
entire test due to excess heat generated by LVDT. The differences between consecutive sensor
readings were divided by the corresponding relative temperature readings when temperature
changes were greater than 0.5 °C. Setting a threshold temperature difference eliminates small,

irregular responses of the sensors. The summary of the resultsis shown in Table 3-4.
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Table 3-4: Normalized displacements of the sensors from plate and donut tests

Aluminum Plate Plastic Plate Donut Test
[um/°C] [um/°C] [um/°C]
Potentiometer 0.98/-1.03 2.62/-2.66 1.56/-1.64
Expansion/Contraction
LVDT 1.00/-1.00 6.69/-6.54 3.04/-2.86
Expansion/Contraction

The potentiometer is less sensitive per unit temperature change than the LVDT for the
plastic plate and donut tests. Similar response of the two sensors during the aluminum plate tests
might just be a coincidence as a combination of different factors affecting the measurements
such as non-uniform strains under the sensors caused by temperature gradient, uncertainty of the
fixed length of the plate under the sensors etc. For the plastic plate and donut tests, the
potentiometer measured approximately half the displacements of the LVDT per unit temperature
changes.

The dynamic range of the potentiometer was set approximately to be 0.4 mm (0.016 in)
of the string cable with an off-set of roughly 1 mm (0.039 in) away from the sensor body. Non-
linearity of the response and cable itself at this working range, as shown in Figure 3.11, more
likely caused the potentiometer to detect the displacements inaccurately. As discussed in the
previous sections, resolution requirements govern the working range, which is denoted by (b) in
the sketch on theright in Figure 3.11. The smaller the working range, the greater isthe
resolution. Range (b) is the maximum available range that meets resolution of typical daily
crack displacements. So this range cannot be extended to capture sensor output in its more linear
ranges. But if this working range was shifted to the region where sensor output is more linear by
increasing the offset (denoted by range (@), this problem could have been eliminated partly.

However, the default offset is the maximum available that could be utilized, and inducing an
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additional offset for the sensor caused other problems when the potentiometer is tested with the

wireless data acquisition system.

(8)=Offset
(b)=Activerange
(a)+(b)+(c)=38.1 mp (Full travel length)

Displacement

Figure 3.11: A potentiometer displacement sensor used in qualification tests showing theirregularitiesin the

cable

3.3.1.4 Discussion of the results

Cable Tension on Application

Non-contact sensing devices such as ultrasonic, radar or LVDT and eddy current
proximity sensors do not mechanically affect the application. However potentiometer cable
tension imparts a load on the application. Magnitude of tension varies between 0.3-0.5 and 1.0-
1.2 N for low and high-tension potentiometers respectively. But only creep of the material under
the tension of the cable might affect the long-term measurements of thermal strain. However,
when yield strength of the PE-UHMW (20-25 Mpa) is compared to the stress imparted by the
tension in the cable on acircular surface of 15 mm? (0.023 sg.in) (about 1 N/ 15 mm? = 0.07

Mpa), this effect can be assumed to be negligible.

67



Noise Level

Noisy output is one of the major challenges induced by either the sensor itself or the data
acquisition system. Averaging every 1000 samples collected hourly eliminates noise effect in
long-term measurements. Nevertheless, it isimportant to report the noise level in output in
various test conditions. Figures A1-2 in Appendix-A show the noise level of the potentiometer
during plate test and donut tests. Sampling method is burst type and sampling rate is 1000 HZ.
The noise level isaround 20 um (787 pin) whereas the noisein LVDT output isjust 0.1-0.3 um
(3.9-11.8 pin).

One of the possible sources of extremely high levels of noise might be the signal-to-
noise ratio, which might be enhanced by increasing the excitation voltage. The effects of higher
excitation voltages will be described in the following section where the transient response of the
potentiometer is analyzed. Another reason for the high noise might be the unstable power
supplied by SOMAT data acquisition system. So another power supply was used to excite the
potentiometer in order to seeif the problem arises from power provided by SOMAT. The results
are presented in Figures A3-4 in Appendix-A. The magnitude of noise level in this caseis 14-16
um (551-630 pin), which is not significantly different than the noise measured by SOMAT
power supply. Noise level obtained by the wired system (SOMAT) is also compared to that
obtained by the wireless system, which will be presented in the proceeding sections.

Rel ative expansion/contraction

The effect of relative expansion and contraction of the base plate or donut with respect to
the sensor materials such asthe LVDT core and potentiometer string cable is demonstrated in
Appendix D. As shown in Appendix D figures and tables, statistical measures of scatter in the

output of the LVDT and potentiometer did not change significantly but the slope of the
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hsyteresis |loop deviated from the theoretical expansion/contraction line, which addresses the
possible error in calculating the theoretical thermal expansion/contraction due to unknown fixity

length.

3.3.2 Transient Response

3.3.2.1 Combination of Potentiometer and the other sensors

Figure 3.12 compares time histories of responses of potentiometer and eddy current
sensors to dynamic drop ball impacts on the device shown in Figure 3.4. Spikes represent the
each impact, with the magnitude of the response being the difference between the top of the

spike and the position of the sensor at rest (middle of the thick, noise line).
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Figure 3.12: Comparison of potentiometer and Kaman (eddy current) sensorsto dynamic events produced
by the same drop weight impacts

Figure 3.13 is the comparison plots of dynamic impact displacements measured by high
and low tension potentiometers compared to the benchmark LVDT and eddy current sensors.
These comparisons were obtained with five pairs of sensors, where each pair responded to the
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same impact to assess the relative responses of the various sensors. There is more scatter in the

comparisons between potentiometer and benchmark sensors than for the comparison of the two

benchmark sensors.
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Figure 3.13: Comparison of various sensorsto the same impact produced by the laboratory device

These dynamic displacements are large compared to blast events. There are no
displacements imposed in the dynamic laboratory test that are smaller than 2 um (79 pin). Past

research indicates that crack displacements from typical blast induced ground motions range
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between 2 to 12 um (79 to 472 nin), (McKenna, 2002). The laboratory events were produced
with the smallest drop weights possible. The magnitude of the impacts could not be adjusted in
order to generate smaller displacements because of the high compliance of the material between
the blocks. The smallest displacement that could be produced was around 2 um (79 pin). In
addition to the difficulty of generating smaller displacements, noise levels varying in between 3-
5 um (118-197 uin) obscured displacements in that range. Thislevel of noiseis significantly
high and might prevent the measurements of crack displacements induced by small blast events.

Asdiscussed in Section 3.2.2.1, the test mechanism produced displacements that varied
dlightly along the face of the aluminum block due to lack of horizontal restraint, eccentric
loading and some irregularities of the thin rubber sheet. Considering these uncertainties inherent
to this test, one-to-one comparison of sensor outputs in terms of magnitudes will not be analyzed
in detail. Rather than the magnitudes, waveforms of the sensor response might make more sense
for comparison purposes.

Figure 3.14 and Figure 3.15 compare the detailed time histories of the drop ball events
with low and high-tension potentiometers and the Kaman eddy current sensor. As seen in these
response waveforms, displacement waveforms measured by the potentiometer are identical to
those measured by Kaman. It is apparent from response waveforms that neither the stiffness of
the spring nor the vibrations in the string cable had any significant influence on the response of
the potentiometer at the frequency of the input motion. Range of frequencies of dynamic test
displacements are 10 to 100 Hz whereas those measured from blast induced ground vibrations
are 10 to 30 Hz. Thistest was repeated with other sensor combinations such asLVDT and the

two types of potentiometer and Kaman-LVDT. The results from those tests along with
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frequency content and detailed time histories of the impact loading are presented in Figures B6-

29 in Appendix-B.
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Figure 3.15: Same comparisonsasin Figure 3.14 only with high-tension potentiometer
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3.3.2.2 Discussion of the results

Freguency Response

Cables on these sensors have fundamental frequencies that may respond themselves.
Vibrations of the string cable could produce additional response if the potentiometer were to
measure a very high frequency motion. While such an additional response would berare, it is
possible. The natural frequency of the potentiometer string cable alone is found to be 414 and
585 Hz (SpaceAgeControl, 2005) for low-tension and high-tension potentiometers respectively.
Since neither the dynamic test nor the real blast events involve frequencies that high, additional
relative motion or vibration in the string cable is unlikely.

Another feature of the potentiometer that might affect its output due to dynamic loading
isthe contact force from the tension in the cable. However, the large momentum of the motion,
which is proportional to the mass of the moving object (mass of the structure in the field or
upper aluminum block in the dynamic test), can easily overcome the tension imparted by the
cable.

Above considerations have little influence upon the dynamic response of the
potentiometers, as shown by comparison with other sensors. Figure 3.16 compares the responses
of the potentiometer and LVDT sensors to the same impact |oading during the dynamic test. As
shown, both response patterns and magnitudes of both sensors are remarkably similar except for
polarity, which generates output with opposite signs. Frequency content of the responsesis
compared in Figure 3.16 by an FFT analysis. As shown, there are two dominant frequencies of

the response; 8 and 35 Hz for both sensors.
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Figure 3.17: FFT analysis of the response of the high-tension potentiometer (top) and LVDT (bottom) to
impact loading shown in the previousfigure.
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Noise Level

In addition to the frequency response effects above discussed, noisy output of the
potentiometer might be another source of error that would obscure response to blast events.
Such hidden-response occurred from March to June 2005, while the potentiometers were
installed in the test house. Figure 3.18 shows the potentiometer and LVDT displacement time
histories recorded during one of those blast events. Crack displacement induced by those ground
motions were not captured by the potentiometers due to the noise which obscured the
potentiometer output. However the LVDT connected to the same data acquisition system in the

house measured 2-10 um (79-394 pin) of crack displacements.

7 High-Tensan Poleriomelar Disp Time Histon-Mitsaokes Apeil 18, 2005 Blasl Evenl
& T T T T T T
!
21
5
ED
=
g_?l.
- | i i i i i i
a 0.5 i 1.5 2 25 3 a5
- LirasTensicn Poienhometer
o
E : :
o
E
g
=l
-5 1 i i i i
a 0.5 1 1.5 2 25 3 35
4 : - : :
= | LvoT
E
|
iy A
& nhmﬁ o ,I,w.ﬂ‘ |
E | W "
I"'_-EI.
[
8,1 i . . . . ..
a L] 1 1.5 2 25 3 35

Tirr |5es]

Figure 3.18: Potentiometersand LVDT displacement time history recorded during a blast event at the
Milwaukee test house
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Potentiometer peak-to-peak noise during the dynamic laboratory testing was 3-5 um
(118-197 pin), whereas the noise in the other sensor outputs was aways smaller than 1
micrometer. Figures B1-5 in Appendix-B compare the output of the tests with potentiometer and
LVDT or eddy current sensor pairs. The noise level in the potentiometer is apparent in each test
and obscures the smaller displacements.

This laboratory test providesideal conditions for the potentiometer output acquired by a
wired system in terms of the noise level. Shorter wires relative to the field conditions and higher
excitation voltage are the two major factors that affect the noise level. Different excitation
voltages with varying sampling rates were set up in order to analyze the effect of those factorsin
the noise level of the potentiometer. In laboratory tests, the excitation voltage was 2.5 and 30
Volts whereas only 30 Volts excitation was used in the field. The results are shown in Figures
A1-8in Appendix-A and summarized in Table 3-5. Excitation of the potentiometer with 2.5
volts yields 20 micrometers of peak-to-peak noise, which proves that the lower excitation
voltage deteriorates signal-to-noise ratio and thus increases the noise level. However, it should
be noted that ground loops and longer wires associated with the field test might have al'so
contributed to the noise level.

Results from the field test (bottom row) show that the noise is about 4-6 um (157-236
uin). On the other hand, the noise was 3-5 um (118-197 pin) with the same acquisition system
and the excitation voltage in the laboratory, which shows that short wires reduce the noise, but
only slightly. Sampling rate does not have any significant effect on the noise level of the
potentiometer output. 10 Hz and 1000 Hz sampling rate yielded approximately same level of

noise. (Figures A-5 and A-6 in Appendix-A)
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Table 3-5: Summary of the peak-to-peak noise level with varying excitation voltages, sampling rates and
monitoring equipment

TEST DESCRIPTION PEAK-TO-PEAK NOISE LEVEL [ i
SOMAT/Internal Power (2.5V)/1000 HZ 18-22
SOMAT/External Power (2.5V)/1000 HZ 14-16
SOMAT/Internal Power (2.5V)/10 HZ 18-22
SOMAT/External Power (2.5V)/10 HZ 14-16
EDAQYExternal Power (30V)/1000 HZ 3-5
EDAQYExternal Power (30V)/1000 HZ 4-6

"From dynamic test output
’From Milwaukee test house outputs

Most importantly use of the potentiometers with the wireless system will reduce noise
level sinceit eliminates the wires that introduce the noise to the sensor output. As shown in
Figure 3.19, when output is captured with the wireless system then with the wired system
potentiometer output is far less noisy. In this comparison output was measured at a sample rate
of 10 samples per second, which is the highest frequency that the wireless system can measure

at present.
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Figure 3.19: Potentiometer output measured by wireless (top) and wired SOMAT (bottom) system at 10 Hz

Figures C1-12 in Appendix C demonstrate the effectiveness of filtering the crack

displacement time histories measured by potentiometers and LVDT. These responses are those
of the same ceiling crack to blast events on 18 April and 5 May 2005. As seen in the FFTs of the
potentiometer response, there is too much scatter in the frequency profile and it isimpossible to
differentiate the dominant frequency of the actual motion from the electrical noise in the output.
LVDT response shown in Figure C5 and C11 in Appendix C indicate that the dominant
frequency of the displacement is less than 10 Hz. Therefore, potentiometer responseis filtered
by eliminating the components of the motion whose frequency higher than 50 Hz.

Unfortunately the filtered response of the potentiometer output in Appendix C apparently
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reveal s the fact that dominant frequency of noisy output coincides with the possible dominant

frequency of the actual displacements, which makes the filtering option useless.

3.4 Conclusion

The following observations summarize the performance of the potentiometers for

measuring long-term environmental changes and transient dynamic loadings:

Responses to long-term, cyclical changesin displacement are linear.

Hysteresisis sufficiently small to allow tracking of changes in displacements as
small as 0.1 um (3.94 nin). Hysteretic bandwidth is approximately the same for
potentiometer and LVDT in the donut test whereas LVDT hysteretic bandwidth is
approximately 50 % smaller in the plate tests.

Drift is no greater than that of the LVDT or eddy current sensors.

Response to transient displacements greater than 2 um (78.7 uin) at frequencies
between 10 to 100 Hz in general matches that of eddy current and LVDT sensors.
Response to transient displacements is less than that of LVDT and eddy current
sensors for especially displacements smaller than 15 um (591 pin). The average
ratio of potentiometer displacement to eddy current and LVDT sensors are 0.7 at
this range of displacements.

Response to long-term changes was observed to be less than that of LVDT in the
plastic plate and donut tests. The average ratio of potentiometer displacement to
LVDT ismeasured to be 0.4 in the plastic plate test, 0.5 in the donut test, and
approximately same in the aluminum plate test (refer to Table 3-4 for calculation of

these ratios). The same ratios with the relative temperature corrections shown in
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Appendix-D Table D- 2 are 0.4 in the plastic plate test, 0.5 in the donut test and 0.7
in the duminum plate test.

e Potentiometer output noiseisonly 0.5 um (19.7 uin) peak to peak when operated
with the wireless system and some 10-15 um (394-591 nin) peak to peak when
operated as a part of the wired system at the same excitation level.

Potentiometer displacement sensors with their very low power consumption, no warm up
time and excitation voltage flexibility are suitable for the wireless sensor network described in
previous chapter. MDA 300 sensorboard provides only 2.5, 3.3 and 5.0 volts of excitation
voltage, which eliminates the usage of LVDT and eddy current sensors that have been used
many yearsin crack monitoring. As compared to these sensors, power consumption of the
potentiometer is considerably smaller and requires no warm up time, which are some crucial

requirements with the wireless system relying on just two AA batteries.
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CHAPTER 4

4 CONCLUSION

Thisthesis introduces a new wireless system to measure micrometer changesin crack
width. Such measurements have been conducted with awired system for some 6 years under at
Northwestern University’s Infrastructure Technological Institute (ITl) under the Autonomous
Crack Measurement (ACM) program. ACM systems measure crack width changes from
environmental factors (long-term) such as temperature, humidity and wind effects as well those
from blast induced ground vibrations (dynamic). Measurement of long-term and dynamic crack
response yields a good understanding of crack response in terms of the dominant feature of the
crack displacement driving force.

The wireless system is designed to execute all the tasks that the wired system was
capable of doing and replace it eventually. The advantages of the wireless system, as described
in the relevant chapters, are mainly low cost, quick and easy installation, adaptability to variety
of applications, and most importantly avoidance of intrusive and high cost of wiring. Presently
the wireless system successfully measures long-term response but requires more research and
development to measure dynamic crack response.

Two different case studies performed with the wireless system are presented along with
discussion and introduction of wireless communication basics. Each case study was executed

with the same hardware but differently designed communication protocols. Major improvements
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included increasing total battery lifetime, which is crucial for wireless system relying on just
two AA batteries, and a more robust communication. The first application involved a single-hop
configuration in atest house to measure long-term changes in the crack width during a period of
blasting. The network consisted of one remote node (sensorboard, radio module and outboard
sensor) and a base station (serial gateway, radio module and external serial communicator). This
system is capable of sensing and acquiring the crack displacements at predetermined intervals
with a battery lifetime of some 25 to 50 days.

The second application is a multi-hop configuration placed on aroof top to measure
long-term expansion and contraction of an aluminum plate and a plastic donut. The network
consisted of several remote nodes (sensorboard, radio module and outboard sensor) and a base
station (stargate gateway and a radio module). This system is capable of multi-hop
communication in which remote nodes can form their own coverage area and thus extend the
distance of coverage. Battery lifetime is expected to be about a year with reporting intervals of 3
times per hour.

In addition to the prolonged battery lifetime, this new multi-hop software protocol
(Xmesh) improves the data transmission efficiency and long-term robustness of wireless
communication. The remote nodes and the base station were deployed on the roof of ITI
building where they were exposed to intense microwave and electro-magnetic interference, but
performed well. Two of the remote nodes with the outboard displacement transducers attached
to them measured the expansion and contraction of an aluminum plate and a plastic donut as
well as temperature, humidity and battery voltage. A third remote node located next to the base

station measured only temperature, humidity and battery voltage.
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Both field tests conducted with the wirel ess system proved that this new system could
measure long-term crack response, which is referred as a Level-I surveillancein ACM projects.
Crack response measured wirelessly was compared to that obtained by the wired system.
Measurement of dynamic response, or Level-11 surveillance requires more research and
development. It is necessary to provide atriggering mechanism that does not consume power as
well asto control the sampling frequency once the system is triggered.

Thisthesis aso includes the analysis for qualification of the potentiometer, asan ACM
displacement transducer. This sensor was chosen to be the outboard displacement sensor for the
wireless sensor network due to its low power consumption (0.5 mA) and no warm up time.
Qualification of the potentiometer involved a series of field and laboratory tests to analyze the
potentiometer response to cyclic temperature variations (long-term) and impact loading
(dynamic). Assessed were the linearity, accuracy and long-term robustness of the potentiometer.
The output of the potentiometer was also compared to that of the benchmark sensors (LVDT and
eddy current sensor) where simultaneously subjected to the same environment. The
potentiometer, as a contact sensing device, senses sightly lower magnitude than the other
benchmark sensors. In summary the following specific observations can be made at the
comparative performance of the potentiometer;

e Responsesto long-term, cyclical changesin displacement are linear.

e Hysteresisis sufficiently small to allow tracking of changes in displacements as
small as 0.1 um (3.94 uin). Hysteretic bandwidth is approximately the same for
potentiometer and LVDT in the donut test whereas LVDT hysteretic bandwidth is
approximately 50 % smaller in the plate tests.

e Driftisno greater than that of the LVDT or eddy current sensors.
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e Responseto transient displacements greater than 2 um (78.7 pin) at frequencies
between 10 to 100 Hz in general matches that of eddy current and LVDT sensors.

e Responseto transient displacementsisless than that of LVDT and eddy current
sensors for especially displacements smaller than 15 um (591 pin). The average
ratio of potentiometer displacement to eddy current and LVDT sensors are 0.7 at
this range of displacements.

e Response to long-term changes was observed to be less than that of LVDT in the
plastic plate and donut tests. The average ratios of potentiometer displacement to
LVDT are 0.4 in the plastic plate test, 0.5 in the donut test, and approximately same
in the aluminum plate test (refer to Table 3-4 for calculation of these ratios). The
same ratios with the relative temperature corrections shown in Appendix-D Table
D- 2 are 0.4 in the plastic plate test, 0.5 in the donut test and 0.7 in the aluminum
plate test.

e Potentiometer output noiseisonly 0.5 um (19.7 uin) peak to peak when operated
with the wireless system and some 10-15 um (394-591 nin) peak to peak when

operated as a part of the wired system at the same excitation level.
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A. Appendix NOISE LEVEL IN POTENTIOMETER OUTPUT
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Figure A- 1 Noise level in the potentiometer and LVDT output during the donut tests
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Figure A- 2 Noiselevel in the potentiometer and LVDT output during the plate test

POTENTICGMETER DISPLACEMENT TIME HISTORY-
SOMAT! EXTERMAL POWER 2.5 VOLTSN000 HE SAMPLIRG F'.ATE
T 1 L T 1 T E

i

, Bersor Poson jmicrometars|

o §TTEE S
1

mmmmmmmmmmmm
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Figure A- 5 Noise level and frequency content of noise with SOMAT and external power supply (10 HZ
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Figure A- 7 Noise level during the dynamic test (1000 HZ sampling)
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B. Appendix DYNAMIC TEST-IMPACT DISPLACEMENT TIME HISTORIES AND FFT

ANALYSIS
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Figure B- 1: Dynamic test impact displacements of high-tension potentiometer (top) and Kaman (bottom)
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Figure B- 2: Dynamic test impact displacements of low-tension potentiometer (top) and Kaman (bottom)
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Figure B- 3: Dynamic test impact displacements of high-tension potentiometer (top) and LVDT (bottom)
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Figure B- 10: Oneimpact loading from dynamic test with high-tension potentiometer and Kaman
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Figure B- 11: FFT of theimpact loading. High-tension potentiometer (top) and Kaman (bottom)
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Figure B- 12: Oneimpact loading from dynamic test with high-tension potentiometer and LVDT
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Figure B- 13: FFT of theimpact loading. High-tension potentiometer (top) and LVDT (bottom)
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Figure B- 15: FFT of theimpact loading. High-tension potentiometer (top) and LVDT (bottom)
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Figure B- 16: One impact loading from dynamic test with high-tension potentiometer and LVDT
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Figure B- 17: FFT of theimpact loading. High-tension potentiometer (top) and LVDT (bottom)
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Figure B- 18: Oneimpact loading from dynamic test with low-tension potentiometer and Kaman
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Figure B- 19: FFT of theimpact loading. L ow-tension potentiometer (top) and Kaman (bottom)
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Figure B- 20: Oneimpact loading from dynamic test with low-tension potentiometer and Kaman
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Figure B- 21: FFT of theimpact loading. L ow-tension potentiometer (top) and Kaman (bottom)
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Figure B- 22: Oneimpact loading from dynamic test with low-tension potentiometer and Kaman
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Figure B- 24: One impact loading from dynamic test with low-tension potentiometer and LVDT
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Figure B- 25: FFT of theimpact loading. L ow-tension potentiometer (top) and LVDT (bottom)
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Figure B- 26: One impact loading from dynamic test with low-tension potentiometer and LVDT
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Figure B- 27: FFT of theimpact loading. L ow-tension potentiometer (top) and LVDT (bottom)
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Figure B- 28: One impact loading from dynamic test with low-tension potentiometer and LVDT
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Figure B- 29: FFT of theimpact loading. L ow-tension potentiometer (top) and LVDT (bottom)
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C. Appendix COMPARISON OF BLAST INDUCED CRACK RESPONSES MEASURED

BY POTENTIOMETER AND LVDT

FUT MOTION-HIGH TEMEICH POTENTIOMETER BLAST RESPONSE
MILVSALUKEE, APRIL 18 2003 BLAST EVENT
4 T T T T

% i
0 0.5 1 13 2 8 3
Time fsec]
i FFT af Input Matice
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B0a |

0 50 W0 150 200 250 300 350 400 450 500
Freaiiency [Hz]

Figure C- 1. Displacement time history and FFT of the high-tension potentiometer responseto blast event
(April 18, 2005)
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Figure C- 2: Original displacement time history (top) and filtered displacement time history of high tension
potentiometer
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Figure C- 3: Displacement time history and FFT of the low-tension potentiometer response to blast event
(April 18, 2005)
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Figure C- 4: Displacement time history and FFT of the low-tension potentiometer response to blast event
(April 18, 2005)
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Figure C- 5: Displacement time history and FFT of the LVDT responseto blast event (April 18, 2005)
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Figure C- 6: Original displacement time history (top) and filtered displacement time history of LVDT
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Figure C- 7: Displacement time history and FFT of the high-tension potentiometer responseto blast event
(May 5, 2005)
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Figure C- 8: Original displacement time history (top) and filtered displacement time history of high-tension
potentiometer
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Figure C- 9: Displacement time history and FFT of the low-tension potentiometer response to blast event
(May 5, 2005)
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Figure C- 10: Original displacement time history (top) and filtered displacement time history of low-tension
potentiometer
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Figure C- 11: Displacement time history and FFT of the LVDT responseto blast event (May 5, 2005)
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Figure C- 12: Original displacement time history (top) and filtered displacement time history of LVDT
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D. Appendix RELATIVE TEMPERATURE CORRECTIONS IN PLATE AND DONUT

TESTS

L? Expandable materials (LVDT

| core and potentiometer string
L 7 cable)

<4—» Expanding

Figure D- 1. Schematic of the plate test showing the importance of fixity length of the sensor to the plate and
relative expansion/contraction

Admeesured = AdpI ate/donut = Adcore/cable

AdpI ate/donut ~a. * AT * L
where a is the coefficient of linear thermal expansion L isthe fixity length shown in the above

sketch, and AT is temperature changes.
In order to compare pure plate/donut expansion or contraction, expansion/contraction of the core
or the string cable is added to the measured values. In this case, core length of LVDT and the

potentiometer string cableis 38.1 mm (1.5 in) and 10 mm (0.04 in). Thermal expansion
coefficient of core and string cable is taken to be 19 and 17.28 um/m/°C respectively.

(Admemlred"' Adcore’cable) VS. (Adplate'donut)
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Figure D- 2: Comparison of temperature corrected potentiometer and LVDT response to cyclically changing
temperature variations

Statistical measures of the scatter according to the corrected results are also givenin
TableD- 1.

Table D- 1: Statistical measures of plate and donut testswith the corrected results

LVDT POTENTIOMETER

Te'st . Test Duration 2 2
Description o1 on R o] o> R

Aluminum platelg/03/04-8/12/2004| 0.012 0.009 0.99] 0.044 0.035  0.94
Plastic plate [g/14/04-9/6/2004 | 0.007 0.005 0.99 0.032 0.023 0.962
Donut Test  |3/28/05-4/6/2005 | 0.012 0.010 0.99 0.020 0.017  0.98
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Same normalization procedure described in Chapter 3 also applied to the corrected
results and results are shown in Table D- 2.

Table D- 2: Temperature normalized displacements from plate and donut tests with corrected results

Aluminum Plate Plastic Plate Donut Test
[um/°C] [um/°C] [um/°C]
Potentiometer 1.17/-1.18 2.83/-2.79 1.71/-1.81
Expansion/Contraction
LVDT 1.57/-1.63 7.29/-7.14 3.61/-3.44

Expansion/Contraction
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