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CHAPTER 1 - Introduction

1.1 Background

The continuous and reliable operation of critical infrastructure is crucial for safety and economic
prosperity, and structural health monitoring (SHM) is an attractive solution in civil engineering for
continuous evaluation of infrastructures safety. SHM includes condition monitoring of structures,
damage detection, structural integrity assessment, and structural failure prevention®. The utilization of
sensing instrumentation within the structures is useful for monitoring long-term conditions of
infrastructures?. There are some issues to be considered for SHM such as the selection of sensors, the
cost, the number and location of sensors, energy supply, data collection, transmission and analysis and
environmental influencel. Among them, the selection of sensors involves sensor accuracy, sensitivity,
range, stability, and compensation for environmental parameters change®.

The data measured by sensors can be transmitted by coaxial wires, but the wires installation is
expensive and labor intensive. For example, it has been estimated that the cost excess cost per sensing
channel for SHM in tall buildings may be as much as $5000%, and Tsing Ma bridge in Hong Kong spent
more than $8 million for 350 sensing channels®. Moreover, traditional wired sensor systems have
difficulties in maintaining the wiring system in a harsh environment, and it is challenging and time-
consuming to manage a large number of data if a dense array of wired sensors is deployed. In recent
years, wireless sensor networks (WSNs) are becoming alternatives to traditional wired monitoring
systems, attributing to the capability of assessing the physical conditions of the structural systems with
low cost and instrumentation time, and autonomous data acquisition®. A wireless sensor consists of three
functional modules including a computing core, a wireless communication subsystem, and a data
acquisition subsystem which can convert an analog signal to digital data®.

A significant concern of embedded wireless sensors relates to sensors powering. Current wireless
sensors usually utilize an external power source, for example, batteries. However, batteries typically
have a shorter life than the infrastructures in which the sensors embedded, and battery replacement is
difficult or impossible in some locations. The battery technology is developing stagnantly comparing
with the computing performance, leading to a reduction in battery life’. Therefore, capturing electric
energy is necessary from the ambient environment, and the power harvesting source includes heat, wind,
flowing water, solar energy, vibration, and electromagnetic waves.

Radio Frequency Identification (RFID) technology has first been used for identification and
tracking based on its unique identification and recently, it has emerged as a compelling option for many
applications including construction materials handling and inventory management. The reader and tags
communicate using electromagnetic waves, and data are transmitted by modulating the carrier wave.
RFID tags can be either active or passive. Active tags have external power sources, usually batteries.
RFID technology can also make passive sensors with no need for the battery or wired connections®. The
energy consumed by the passive tags is from the electromagnetic wave sent by the reader antenna, and
hence no external energy source or physical connection is required. Physical information monitoring of
the structures can be achieved through processing of the signals in the reader-tag communications®.
Advancements in micro-electromechanical sensors and systems (MEMS) make it possible to embed
wireless sensors directly into the construction materials and monitor infrastructures continuously from
manufacturing to operating*®. MEMS combine mechanical and electrical components in um size, and
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sensors and electronics are integrated on the same device. These new-generation sensors have compact
forms and low cost, and microprocessors need a relatively low power supply to achieve autonomous
computing. Various sensors such as temperature sensors, moisture content sensors, and strain sensors
can be integrated with the wireless devices so that the measurement of various aspects of physical
conditions within infrastructures can be achieved.

RFID technology can contribute to building a low-cost and passive wireless sensor network and
deploying massively distributed sensors can become practical. RFID-based sensors can be integrated
into the commercial RFID systems. A strain gauge is inexpensive and easy to install for structural health
monitoring, and strain variation can be used to detect potential damage to the structure. More parameters
can be monitored by passive RFID-based sensors such as cracks, corrosion, moisture, and temperature.

The study aims at developing sustainable concrete materials for infrastructure applications, and
RFID technology can be used to improve the performance of concrete infrastructure. Being eco-friendly
and cost-saving, the recycled aggregate can be used to replace the natural aggregate, but the performance
needs to be evaluated. For instance, the use of recycled concrete aggregate can raise concern about
shrinkage and volume stability. RFID sensor technology can contribute to the acceptance of recycled
concrete because it provides a capability to be embedded in concrete pavements and structures and can
be monitored using wireless technology.

1.2 Literature review

Radio frequency identification (RFID) is a wireless technology for communication. RFID can be
used to identify or track specific targets, and relevant data can be read and written through
electromagnetic waves. Therefore, the identification system and the particular targets do not require
mechanical or optical contact. One of the early applications of RFID technology was invented in the
1970s, and it was a passive transponder with memory for a toll road. RFID techniques became
widespread for commercial applications from inventory management to toll collection, supply chain
tracking, and ID card access in the early 2000s.

A radio frequency identification system is comprised of hardware and software components, and
the hardware component includes readers (interrogators) and tags (labels). Tags are attached to objects,
and a reader transmits a signal to the tags and receives the response with information through a two-way
radio. Tags have a unique serial number so that readers can identify every tag within the range. Tags
could be read-only or read/write, and specific data of objects can be written into read/write tags. RFID
tags have an integrated circuit to store information and modulate/demodulate the radio signal. The signal
is received and transmitted by the antenna of tags.

RFID systems can be classified by the power supply mode of tags, the RFID frequency bands, and
communication mechanisms. There are three kinds of tags: active, passive, and semi-active (battery-
assisted passive). Active and semi-active tags have a battery on board, and passive tags have no battery.
Active tags transmit signals periodically while semi-active tags will be activated in the range of RFID
readers. Passive tags absorb energy from the electromagnetic field transmitted by readers and supply
power for themselves. The communication mechanisms of RFID systems relate to the frequency of radio
signals used by readers and tags. Two most commonly used communication ways are inductive coupling
and backscatter coupling.



Researchers have explored a range of practical RFID applications in concrete. Environmental
sensors for temperature and relative humidity have been developed utilizing available commercial
products. An RFID transponder, i-Q32T tag from IDENTEC SOLUTIONS was used to measure the
temperature of in-situ concrete!!. Other humidity sensors for passive RFID systems are investigated? 13
1415 Water content can also be monitored in real time through the passive RFID embedded sensors?®.
Passive RFID temperature sensors have been demonstrated!’ 18 1, RFID tags have been integrated with
conductive surface sensors to detect cracks of concrete?. In addition, large displacements have been
measured wirelessly using a printed stretchable RFID tag?. The resistance change during stretching was
examined by the passive RFID system. Various RFID passive sensors have been developed to for crack
monitoring due to mechanical and environmental process?? 2 24 2, Displacement can also be monitored?®
27 RFID tags can also be used for detecting reinforcing bar corrosion in bridge decks?. There are some
commercially available RFID applications for corrosion detection?® ¥, Half-cell potential in the concrete
could be monitored by the change of the resonant characteristics of the LC circuit in the sensor®!. More
corrosion RFID sensors have been explored®? 33 34,

Although the great potential of passive RFID sensors has been demonstrated by these studies, there
are a few tradeoffs of passive RFID tags including high required signal, measurements only in the field
of the reader, small range, few numbers of multi-tag reading, and small data storage. Wireless signals
may be blocked by metals and liquids due to electromagnetic interference. RFID does not work properly
when the tags are surrounded by metals or liquids. Passive UHF RFID temperature sensors have been
embedded in the fresh concrete to monitor hydration® and under performance tests to determine the
effect of snow and ice on the surface of the tag®. Although the reasonable measurements demonstrated
the reliable performance of these RFID systems in low-temperature conditions, the RFID tags may have
durability issues due to mechanical disruption or electronic corrosion.

1.3 Objectives and Goals

This project studied the feasibility of applying new RFID technology — particularly passive tag
technology - to infrastructure projects that incorporate recycled concrete aggregates. Our goals were to
advance the technology for passive RFID wireless system for embedment in concrete to monitor the
behavior of the material under loading, and other structural health monitoring scenarios. RFID tabs with
temperature and strain measurement were studied, and the performance constraints that affect data
logging were assessed. When RFID tags are embedded into concrete, the attenuation of the
electromagnetic wave through concrete is correlated with the embedment depth, moisture content,
concrete density, and aggregate mineralogy. The study considered these and other variables that affect
passive RFID systems and suggest an approximate equation to estimate the attenuation. The project
assessed the accuracy and data logging rates to validate the strain readings from passive RFID systems
with other independent instruments. The early age monitoring of recycled aggregate concrete will be
conducted with the RFID system. This project is a precursor to a field test at O’Hare Int’l Airport to
demonstrate the survivability of RFID systems for real-world operation in aggressive weather conditions.



CHAPTER 2 — Experiments

2.1 RFID wireless sensor system design and performance evaluation

RFID equipment is provided by PHASE IV ENGINEERING INC. A custom Micro-Measurements
transducer class full-bridge strain gauge has been used in the passive wireless system. These gauges are
open-faced modified Karma-alloy patterns constructed on a thin, laminated, polyimide-film backing and
they are encapsulated. Components of RFID system includes RFID electronics, flex cable, RFID reader,
and the antenna connected to the reader. The assembly of the RFID system is also shown in Figure 2-1.
Strain sensor installation is essential to the accurate measurements. Surface preparation is required before
the sensor installation, and instant mix epoxy is selected as the adhesive. A strain gauge is connected to
the flex cable with Kester SN 60% PB 40%, 0.31 in Rosin Core solder. Afterwards, the end of the flex
cable can be connected to the connector on the RFID electronics board.

Strain gauge Flex Cable RFID tag

Reader Antenna

Figure 2-1. Assembly of the RFID system.

2.2 RFID strain measurement implementation of aluminum and concrete beam

An aluminum alloy beam (16.5in ><1in><0.25in) was rigidly clamped at its fixed end. Single point

load applied by weights through the hole near the free end of the cantilever beam. An RFID strain gauge
and a conventional wired strain gauge, Micro-Measurements C2A-06-250LW-120 were installed on the
surface of the aluminum beam, 6.75 inches away from the point load. The wired strain gauge was plugged
into a National Instruments (NI) 9235 module, and the strain data were collected by an NI compact data
acquisition system (cDAQ) 9178. RFID strain gauge was attached to the surface of the concrete beam
using instant mix epoxy, and a Texas Measurements type PFL-30-11-3LT concrete wired strain gauge
was also installed for comparison. The wired strain gauge has a length of 30 mm, while the RFID strain
gauge is much shorter with a length of 7.9 mm, shown in Figure 2-2. The concrete beam is
12inx3inx 3in, with w/cm = 0.35, and 20% fly ash substitutes for cement.



Figure 2-2. RFID and wired strain gauges installed on the surface of Aluminum cantilever the
concrete beam.

In Figure 2-3, the packaging technology was developed so that the strain sensors can be introduced
into concrete. A 6 in by 1 in by 1/8 in Plexiglas substrate was used, and notches were cut for strong
adhesion. Epoxy is used to protect the strain gauge and the flex cable, and a plastic enclosure can protect
the RFID sensor from moisture. A humidity sensor has also been embedded in the concrete and protected
by the Gore-Tex.

Figure 2-3. Packaging concept to engage concrete in embedded applications.
2.3 Experimental verification of electromagnetic attenuation and depth dependence in concrete

The electromagnetic attenuation and depth dependence of tags reading were conducted with the
experiment setup, shown in Figure 2-4. A piece of cardboard is covered with aluminum foil, and the
RFID signal cannot be received with the cardboard in between. An opening is cut fit for concrete samples.
The gaps are covered by the aluminum tape. The electromagnetic attenuation is affected by the degree
of saturation of concrete, so a certain degree of saturation was obtained by a moisture conditioning
scheme®. The degree of saturation was determined by the water weight increase, and the uniform
humidity was achieved by one-week aluminum foil seal conditioning.

Figure 2-4. Setup to measure attenuation through samples varying in thickness, moisture, and
composition.
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CHAPTER 3 — Results and discussion

RFID tags are interrogated by the RFID reader, and the data saved in the memory will be accessed.
To extend the read range and improve the sensor accuracy, a circuit on the RFID board stores
energy. The sensor won’t transmit a sensor reading until there is enough energy stored to power the
sensor circuit fully. It will cause delays in getting sensor reading — especially for the first read. 5-sec lag
time is common for the first read, and 2-second read interval is the fastest. The store-up energy will
vanish once the reader stops searching tags.

Received signal strength indicator (RSSI) is a measurement of the power present in a received radio
signal. The magnitude of RSSI can determine if there is enough signal to get a good wireless connection.
According to Friis free-space equation, the received power is inversely proportional to the square of the
distance in the free space assuming that isotropic transmit antenna and a point source. As the reader
moved away from the tag, the RSSI value went lower, shown in Figure 3-1, except that RSSI at 9 inches
increased. Our RFID system frequency is 928 MHz, and the wavelength of electromagnetic radiation in
Space is 12 inches. The increase is due to variations in RSSI in the transition zone from near field to far
field. Error bars show the standard deviations. The strength of the signal in mW as a function of the
square of the distance is displayed in Figure 3-2. From the figure, the linear trend confirms the Friis free-
space equation which predicts the attenuation of signal strength with increasing distance in the air.

Received Signal Strength with the Increasing Distance.
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Figure 3-1. Decreasing received signal strength indicator with the distance.

Verification of Friis Free-space Equation.
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Figure 3-2. Verification of Friis free-space equation.
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In the surface strain measurement of the aluminum beam, static equilibrium requires a constant
shear and a linearly varying bending moment. The stress is uniaxial on the beam surface except the
loading point and the clamped end. The measured strains from the RFID system from unloading to
loading are shown below, and the average unloading strain measurement is calibrated to 0. The average
loading strain is 196 g, very close to the calculated strain 191 pe. Fluctuations of roughly 20
microstrains can be seen in Figure 3-3 when the beam is stable. Then, three steps loads were applied.
The average RFID and wired strain measurements are shown in Figure 3-4. The measurements are
identical, and both kinds of strain gauges show good linearity.

RFID strain measurement (unloading to loading)
250

Strain (ue)
=
8

50

0 2 40 60 80 100
-50

Figure 3-3. RFID strain measurement on the surface of the aluminum beam.

Relationship of RFID readings
with wired gauge strain
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Figure 3-4. Comparison of strain measurement from RFID and wired gauges on the aluminum
beam.



For the concrete beam, the compression test was performed using Forney loading machine®. The
strain measurements have been averaged at various loads, and the stress-strain curves obtained from
RFID and wired strain gauges are shown in Figure 3-5. The RFID strain measurements are 20 percent
less than the wired strain measurements. In the compression test, end zones can develop caused by
frictional end restraint, and a bulking-type failure may exhibit 3°. Therefore, the difference could result
from the curvature developed along the surface of the concrete beam. Since the wired strain gauge is
much longer than the RFID strain gauge, the curvature has greater effects on the wired strain gauge.

Compression Test
5000
4000 RFID
3000

Wired
2000

Stress (psi)

1000

0 200 400 600 800 1000 1200
Strain (pe)

Figure 3-5. Stress-strain curves measured by RFID and wired strain.

When the RFID strain gauge was embedded in the mortar with the packaging technology, a wired
strain gauge was attached on the surface for comparison. Compression test results show good linearity
and a similar difference from the wired strain still exists. Drying shrinkage can be determined by the
RFID and wired strain gauge, shown in Figure 3-6, and the received signal strength increases with the
mortar age, shown in Figure 3-7. With the mortar aging, the degree of saturation decreases and the drying
continues from the surface so that the received signal strength increases in the first few days to a stable
level. The RFID sensor is in the center of the beam, and the relative humidity keeps 100% in the first
two weeks. Therefore, the RFID strain measurements increase during this period.

400 Drying shrinkage |
300 Wired

200 RFID
100

100 0 10 20 30 40 50

-200
-300
-400
-500
-600

Strain (&)

Mortar age (day)

Figure 3-6. Drying shrinkage of a mortar beam.
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Figure 3-7. Received signal strength with the mortar age.

As a heterogeneous material, concrete can be simplified to a mixture of concrete solid, saline water,
and air in terms of dielectric properties*®. The effective electromagnetic properties of concrete can be
derived from the known parameters of its constituents with proportions and spatial distributions®, for
example, the Complex Refractive Index Model (CRIM)*. Figure 3-8 illustrates the outcome of models
that show the ability to correlate signal strength with material properties. With the increasing degree of
saturation, the conductivity of concrete will rise due to more ionic conduction in the solution. The
concrete with 0.15 porosity will have more pore solution than the concrete with 0.1 porosity at the same
degree of saturation, and therefore, the concrete will have larger loss factor and attenuation coefficient.

Simulated attenuation coefficient with
degree of saturation
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Simulated attenuation coefficient with
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Figure 3-8. Modeling for attenuation coefficient with the degree of saturation for various concrete
porosity and with varying w/c ratio.

In the experimental verification of the electromagnetic attenuation model, 1-inch and 2-inch thick
high porosity paste samples are used. Also, 1-inch and 2-inch wide Acrylic tanks are used to determine
the signal attenuation through pure water lime water. Figure 3-9 shows the signal strength through the 1
inch fully saturated paste samples and 1 inch water tank. For the paste samples with the porosity of 55%
and 43%, there are some connected pores, so the water cannot fill all the porosity. For the paste sample
with the porosity of 34%, the signal strength is close to that of lime water. With various degrees of
saturation, the received signal strength can be seen in Figure 3-10 for these paste samples. Around 75%
degree of saturation, all the samples have the largest signal attenuation. Also, the signal attenuation stays
the same when the degree of saturation is below 25%. These findings may relate to the dielectric
difference between the adsorbed water in concrete pores and the bulk water in the models. Figure 3-11
shows the received signal strength for 1 inch and 2 inch paste samples under oven-dried and fully
saturated conditions.

Received signal strength through 1 Received signal strength through 1
. inch paste inch water
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E E ,0 1 2 3 4 G
E o
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m b
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g 12 o -12 pure water
= =
S -14 43% 3 -14 lime water
4 4
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0 1 2 3 4 Distance from antenna to water tank (inch)
Distance from antenna to paste (inch)

Figure 3-9. Received signal strength through 1 inch paste and water.
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Received signal strength with degree of saturation
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Figure 3-10. Received signal strength with various degrees of saturation.
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Figure 3-11. Received signal strength with different thickness.

CHAPTER 3 - Findings

RFID technology can contribute to building a passive wireless sensor network. Various sensors
monitoring structural health can be integrated with RFID tags, and RFID-based sensors can be
incorporated into the commercial RFID systems. The low cost can make deploying massively distributed
sensors practical. A passive wireless sensor system based on RFID technology has been utilized, and the
performance regarding the measurement accuracy, speed, and range has been evaluated. RFID-based
strain measurements have been compared with the conventional wired strain gauge on the aluminum and
concrete beam. The results have shown good linearity and are consistent with the conventional wired
strain measurements. RFID signal transmission between the reader and the tags has the effect on the
system implementation. Therefore, the received signal strength transmitted from the tags is measured

with the increasing transmission distance. Moreover, when RFID-based sensors are embedded in
12



concrete, the concrete as a dielectric medium can influence the transmitting waves. The electromagnetic
property of concrete is investigated, and RFID signal attenuation in concrete is also simulated with
various degree of saturation, porosity, and salt concentration. Experimental measurements have been
performed to verify the simulation results. The drying shrinkage of early age mortar has been monitored
by the passive wireless system.

More attenuation tests will refine the simulation model, and approximation equations will be
suggested based on the attenuation experimental results to estimate the attenuation coefficient. The
critical attenuation coefficient will be determined for the use of the RFID system. Therefore, complex
simulations will be avoided for engineering reality, and appropriate w/cm ratios, concrete porosity, and
embedment depth will be recommended. Future work will include field testing in pavements at O’Hare
Int’l Airport. RFID electronics will be embedded in recycled aggregate concrete on field sites, and the
measurements will be recorded during a winter in Chicago. The reliability of long-term operation could
be evaluated in the freeze-thaw cycles.
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