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 The Hernando DeSoto Bridge in Memphis, Tennessee, was implemented with a 
static-based structural health monitoring system. This was due to the seismic vulnerability 
and importance to travelers crossing the Mississippi River.  Using specifically placed 
sensors throughout the structure, one objective was to examine the functionality and 
performance of the friction pendulum bearings implemented in a seismic retrofit. In 
addition, it was desired to track the bearing movements and member strains before, during 
and after a seismic event. 

The implemented structural health monitoring system consists of strain gages, 
short-range displacement gages and long-range displacement sensors implemented on the 
west and east ends of the main arch section.  Vibrating wire strain gages were placed on 
each member framing into the bearings to determine the force distributions.  Vibrating wire 
short-range displacement gages were also installed at the east and west arch piers. Using 
the force distributions and thermal movements captured, the coefficient of friction in each 
bearing was calculated and compared to the design values.  In addition, high-speed non-
contact laser displacement sensors were installed at each bearing to more comprehensively 
track the bridge movements during a seismic event. All the sensor data is being visualized 
in a real-time monitoring display. The display also includes a basic alerting system with 
threshold criteria to aid in proactively detecting and addressing any anomalies that may 
occur on the structure. 

The result of the bearing performance investigation for the west end (Pier A) 
indicated adequate performance. The coefficient of friction for the upstream and 
downstream bearings were 0.05 and 0.06, respectively. The design (installation) value was 
0.06. In addition, the measured thermal movements of the west end bearings were within 
10% of the theoretical movement. Bearing performance could not be determined at the east 
end (Pier C) as limited thermal movement was measured.  Furthermore, relatively low 
member force build-up was measured. These responses were attributed to probable 
substructure movement.  Tracking the substructure movement is proposed for system 
upgrades and future research on the Hernando DeSoto Bridge.
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CHAPTER 1  

 

INTRODUCTION 

 

Structural Health Monitoring (SHM) has grown in popularity as many countries 

around the world continue to grow their infrastructure.  Early detection of deficiencies in a 

structure’s performance through SHM has promoted safety for the public and allowed for 

more proactive approaches in locating and addressing issues with the structure.  In a report 

card from the American Road and Transportation Builders Association (ARTBA), nearly 

58,495 bridges were deemed structurally deficient or in need of repair in the United States 

in 2016, and 13 out of the 50 states had over 12% of their bridges determined to be 

structural deficient [1].  Some of these structures are inadvertently deficient due to the 

limitations of visual inspects or the length of time between inspections.  SHM provides 

means to assess these structures on a regular basis in order to detect anomalies or 

deficiencies in the structure that may be undetectable with visual inspections.  Due to their 

ability to send alerts for significant events or validate design efficiency with a structure’s 

response to loads, SHM systems have become one alternative to manage old, new, and 

rehabilitated structures.  

This research project included the design and implementation of a SHM system 

along the Hernando DeSoto Bridge.  The Hernando DeSoto Bridge, built in 1973, is a two-

span steel through arch bridge in Memphis, Tennessee that takes Interstate 40 over the 

Mississippi River and connects Memphis, Tennessee to West Memphis, Arkansas.  In 

2000, the Tennessee Department of Transportation (TDOT) partnered with the Arkansas  



 
Figure 1.1 - Hernando DeSoto Bridge 

State Highway and Transportation Department (AHTD) to retrofit the bridge for a seismic 

event due to it being a critical link for traffic crossing the Mississippi River and its 

proximity to the New Madrid Fault line.  Both the Interstate 40 bridge (Hernando DeSoto) 

and the Interstate 55 bridge lie on the southeastern end of the New Madrid Seismic Zone, 

which is the most active seismic zone in the Central United States, and are the only two 

bridges that cross the Mississippi River within an 85-mile radius of their locations.  The 

Hernando DeSoto Bridge main section can be seen in Figure 1.1. 

Initially, a retrofit for the Interstate 55 Bridge was considered, but it was ultimately 

determined that the bridge could not be retrofitted.  Because of this, keeping the Hernando 

DeSoto Bridge standing became a high priority for Tennessee and Arkansas.  The seismic 

retrofit protects the bridge from earthquakes with a moment magnitude of up to 7.7 [2].  

Because of the retrofit and the structure’s importance to travelers crossing the Mississippi 

River, in 2004 TDOT funded a vibration-based seismic monitoring program installed and 

maintained by the University of Memphis [3].  The vibration system includes acceleration 
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measurements at 36 different locations along the bridge.  Then in 2015, TDOT funded the 

research presented herein to design and implement a static-based SHM system on the 

Hernando DeSoto Bridge that can identify the current performance of the bearings as well 

as track the bridge behavior before, during, and after a seismic event.  The overall goal of 

the SHM system is to monitor the structure to provide TDOT with information for 

proactively preserving the structure long-term. 

 

The primary specific objectives of this research project were as follows: 

1. Design of a static-based SHM system: This included the determination of the 

measurement forms and locations along with the purchase of the equipment and 

pre-assembly in the laboratory. 

2. Installation of the SHM system: Prior to install, programming of the data 

acquisition system was performed.  Then, installation strategies and attachment 

details were developed.  Finally, the system was physically installed along the 

bridge and quality control checks were performed. 

3. Processing and interpretation of the data: This task established the current 

performance of the bearings along with typical force distributions within 

instrumented members.  A framework was developed with threshold criteria for the 

future automated SHM system (automation not part of this thesis project).  

4. Real-time monitoring display: A real-time visual display of the data was developed.    

This display shows time history plots and correlation diagrams of the data to 

illustrate the recent and current performance.  Alarms are included in the display to 

13 
 



indicate sensor malfunction or data anomalies that require further evaluation.  In 

addition, protocols were established for a structural performance evaluation after a 

seismic event. 
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CHAPTER 2  

 

LITERATURE REVIEW 

 

2.1 Introduction 

 

Structural health monitoring is an active field of research which has an array of 

different system types and techniques for monitoring a structure.  Monitoring systems for 

bridge structures are typically vibration-based, static-based and/or temperature-based 

systems and have been implemented on new, old, and rehabilitated structures [4].  

Vibration based systems involve capturing acceleration measurements throughout the 

structure, while static-based systems or temperature-based systems typically capture the 

strains and displacements produced by various inputs.  Some systems are implemented as 

a combination of the two in order to reap the benefits of both types of systems and monitor 

the structure more thoroughly.  Multi-modal systems are very beneficial in acquiring 

valuable data on the structure, however they tend to be expensive to install and maintain.  

These types of systems were examined and reviewed in this study. 

 

2.2 Vibration-Based Systems 
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Vibration-based systems typically include acceleration measurements at many 

discrete locations along the structure [5].  These types of SHM systems have been 

implemented on large structures with particular vulnerabilities such as earthquakes and 

high wind speeds [3,5].  Vibration based systems have been determined to be an effective 

way of identifying structural deficiencies but tend to be strayed away from in monitoring 

large structures with substantial amounts of environmental variability and operational use 

due to the effects that temperature and operational use have on the structure’s modal 

frequency [6,7].  This change in modal frequency makes it difficult to determine the 

baseline frequency of the structure, and therefore increases the difficulty of determining 

any damage to the structure and where the damage is located.  For this reason, vibration-

based systems have limited capabilities on large structures. 

 

2.3 Static-Based Systems 

 

Static-based systems have shown to be an effective strategy for SHM systems.  

Typically, static-based systems utilize strain, displacement, and/or tilt angle measurements 

using resistance-based sensors [8], vibrating wire technology [9] or fiber optic systems 

[10].  Fiber optic systems have grown in popularity because of their high precision level 

and immunity to electrical and magnetic noise [11], fiber Bragg grating sensors [12], but 

these systems tend to be expensive and harder to justify in many cases.  Some long-term 

static-based systems focus on tracking the thermal signature of the structure.  These 

temperature-driven monitoring systems use thermal data to assess critical moving 
16 
 



mechanisms on structures such as expansion joints, bearings, etc. [13].  Because bearing 

health has become a vital variable to a bridge structure’s long-term durability [14], research 

by Yarnold and Dubbs was done with Periodic Temperature-Based Systems in SHM on a 

steel-tied arch bridge to aid visual inspections in bearing health assessment [15].  The 

objective of the study was to assess the bridge structure’s bearing health or bearing 

performance without the use of a finite element model using specifically placed sensors in 

order to obtain the strains in members framing into the bearings and the movement 

experienced in the bearings due to temperature changes.  With visual inspections being the 

primary assessment tool for bearing health, the authors indicated that bearing issues go 

unseen until significant damage on the bridge structure has already occurred [15].  Through 

analyzing the data, they were able to assess the functionality of the bearings based on the 

structure’s temperature movements and compare bearing design characteristics with actual 

measurements. 

 

2.4 Multi-Modal Systems  

 

Multi-modal SHM systems have recently been researched and implemented on 

various bridge structures.  Cachot et al. (2015) produced a 10 year-long study on the Millau 

Viaduct in France [16].  The Millau Viaduct is a multi-span cable-stayed bridge in southern 

France that consists of 8 spans and stretches over 8,000 feet.  To optimize the life of the 

structure, the monitoring system was composed of a static-based system, a dynamic system 

and a temperature based system that was implemented onto the structure during 
17 
 



construction and once the structure was in operational use.  Many SHM systems on large 

structures have become multi-modal as many technologies advance due to research and as 

various system types become more affordable.  The Tsing Ma Bridge, located in Hong 

Kong, China, is the longest suspension bridge in the world and has had a conventional 

Wind and SHM system implemented on it since May 1997 [17].  The conventional system 

consisted of accelerometers, strain gages, displacement transducers, level sensors, 

anemometers, temperature sensors and weigh-in-motion sensors.  Because fiber optic 

systems have become more economically feasible, in May 2003 a fiber optic system 

consisting of 40 fiber Bragg grating (FBG) sensors were implemented to monitor the 

structure and validated the functionality of the existing SHM system [17].  In conclusion, 

combined systems have shown to be beneficial in preserving the health of large bridge 

structures with various types of environmental vulnerabilities.  
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CHAPTER 3  

 

HERNANDO DESOTO BRIDGE BACKGROUND 

 

The Hernando DeSoto Bridge is a 19,535 foot (3.7 mile) long bridge that runs East 

and West over the Mississippi River connecting Memphis, Tennessee to West Memphis, 

Arkansas.  The section of the bridge that is focused on in this research is the main section 

which is a 1,800 foot, two-span steel through arch bridge.  The steel through arch bridge 

or main section is located in the state of Tennessee and consists of two 900 foot spans with 

three piers: Pier A, Pier B, and Pier C.  An overview of the main section of the bridge can 

be seen in Figure 3.1. 

The bridge is 93 feet wide with six lanes consisting of three westbound and three 

eastbound lanes.  A typical cross-section of the bridge can be seen in Figure 3.2. 

 
Figure 3.1 - Main Section of Hernando DeSoto Bridge 
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Figure 3.2 - Hernando DeSoto Bridge Cross-Section 

The overall focus of the project was instrumenting and monitoring the bearing movements 

and the force distribution in the arch members at Pier A and Pier C.  A cross-section of the 

bridge at Pier A and Pier C showing the instrumented bearings can be seen in Figure 3.3 

and Figure 3.4. 
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Figure 3.3 - Pier A Cross-Section 
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Figure 3.4 - Pier C Cross-Section 

The main instrumented arch members at Pier A and Pier C are box-shaped, built-up 

members that are bolted into gusset plates as they frame into the bearings.  The three 

members from the main arch were instrumented in order to develop the force distribution 

framing into the bearings.  These members are labeled as the vertical, diagonal and bottom 

chords.  The loads produced by the superstructure are transferred through the main arch 

members and then into the substructure through the bearings.  By instrumenting and 

studying the force distribution in these members, bearing design characteristics such as the  
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Figure 3.5 – Arch Member Framing into the Bearing 

coefficient of friction can be determined and validated.  An example of the members 

framing into the bearings can be seen in Figure 3.5. 

During the seismic retrofit conducted by TDOT and AHTD in 2000, a base-

isolation system was implemented using base-isolation friction pendulum bearings to 

increase the structure’s seismic capacity due to its proximity to the New Madrid Seismic 

Zone.  Out of the eight friction pendulum bearings implemented onto the main section, four 

were implemented at Pier A, two at Pier B, and two at Pier C.  These friction pendulum 

bearings implemented on the main section of the bridge lengthen the natural period of the 

structure to help isolate the superstructure during any ground acceleration and dampen the 

lateral forces created by an earthquake.  The bearing at rest and at maximum displacement 

can be seen in Figure 3.6 and Figure 3.7. 
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Figure 3.6 - Friction Pendulum Bearing at Center Position 

 
Figure 3.7 - Friction Pendulum Bearing at Maximum Displacement 

Using a pendulum concept, the bearings are designed with a half-circle slider, a concave 

bottom surface, and cap on top of the slider to support the superstructure.  During an 

earthquake, the bearings isolate the superstructure and allow the superstructure, which is 

connected to the top of the slider, to slide back and forth in a pendulum like motion on the 

concave bottom surface.  Because of the semi-circle shaped slider, gravity keeps the weight 

of the supported superstructure centered as it moves on the concave surface, allowing the 

superstructure to stay level once in motion.  Over time, the lateral forces induced on the 

structure by an earthquake will dampen due to the coefficient of friction designed within 

the concave surface of the bearing until the structure ceases to move.  Not only does the 

concave surface allow the structure to move in a pendulum like motion but centers the 
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structure post movement as gravity brings it to the bottom of the bowl-shaped surface.  

Therefore, due to the significant role the bearings have on the structure’s seismic capacity, 

significant time and research was conducted to evaluate whether the bearings were 

performing as designed.  
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CHAPTER 4  

 

METHODOLOGY 

 

The overall objective of this study was to provide TDOT with a static-based SHM 

system that has the ability to identify the current performance of the bearings as well as 

track the bridge behavior before, during, and after a seismic event.  In order to accomplish 

this objective, the study was to be broken into the instrumentation design (Chapter 5), SHM 

system installation (Chapter 6), data processing and interpretation (Chapter 7), and the 

development of a long-term monitoring system with a real-time display and post-event data 

acquisition (Chapter 8). 

The first task was to design an instrumentation plan for the static-based monitoring 

system that would identify the bearing performance.  This was achieved through 

measurement of the bridge movements due to temperature change along with the thermal 

forces within the arch members framing into the bearings.  In addition, it was desired for 

the system to have the ability to capture the bridge movements before, during, and after a 

seismic event.  As a result, the first set of instrumentation chosen was vibrating wire (VW) 

strain gages and VW displacement gages to track the bridge movements and forces due to 

temperature change.  Because of the large and rapidly changing displacements the bridge 

is able to experience through a seismic event with the implemented friction pendulum 

bearings, VW gages were not used in this aspect of the instrumentation design.  Instead 
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non-contact laser displacement sensors were implemented to monitor the bearing 

movements during a seismic event.  These sensors are capable of measuring large ranges 

of movement at faster rates.  In addition, they provide redundancy in the system’s ability 

to track the bearing temperature movements. 

The next step was to develop a program for the system that would obtain 

measurements from the implemented gages, convert the acquired data values into 

customary units, and wirelessly send the data to Tennessee Technological University to be 

analyzed.  In order to do so, each strain gage, displacement gage and non-contact 

displacement gage was connected to the system’s data logger where the gages were 

programmed and evaluated for errors.  The troubleshooting of these gages were performed 

until each gage reading equated to what was desired.  The system was then assembled in 

an organized manner into two boxes, Box A and Box C, where they would later be 

implemented onto the structure to acquire the measured data and wirelessly transmit it to 

be studied.  Once the system was assembled, data quality checks were performed to ensure 

the system would operate optimally post-installation. 

The third step was to implement the designed and assembled SHM system onto the 

Hernando DeSoto Bridge.  A lane closure road crew and the use of the Aspen A-62 snooper 

truck were coordinated with TDOT in order to have accessibility to desired locations on 

the bridge.  During the span of five days, four days consisted of instrumentation 

attachments, soldering and cabling from gage to box location, box attachments and system 

wire assembly. The fifth day was used to perform quality control checks on the 
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instrumentation attachments, the box assemblies and the acquired data from the system to 

try to eliminate any sensor malfunctions.  

Once the instruments were programmed and installed on the bridge, data was 

processed and interpreted to determine the behavior of the structure.  Providing TDOT 

information on the performance of the friction pendulum bearings installed during the 

retrofit of the structure in 2000 is one of the main objectives of this study.  With this data, 

design values such as the coefficient of friction in the bearings were compared with the 

actual measured values to determine if the functionality of bearings matched the design.  

In addition, the thermal movement was compared to the theoretical values. 

This SHM system design also has a seismic monitoring component that has the 

ability to track and monitor the bearing behavior before, during, and after a seismic event 

through the laser tracking devices.  A real-time monitoring display was developed with 

thresholds and a basic alerting system identifying what thresholds were exceeded.  To 

supplement this, a post-event data acquisition plan was developed for detailed analysis. 
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CHAPTER 5  

 

INSTRUMENTATION DESIGN 

 

5.1 Introduction 

 

To begin designing the system, research was done on the instrumentation, such as the 

strain and displacement gages, data loggers, and radios, to verify whether these instruments 

were suitable for this specific project and application.  Several different options were 

considered in designing the instrumentation, and the best combination was selected for the 

monitoring system.  The overall instrumentation plan and how these instruments of the 

SHM system were programmed and assembled are discussed in the next section of this 

chapter. 

 

5.2 Instrumentation Plan 

 

An instrumentation plan was designed to effectively identify the bridge temperature 

movements and movements due to an earthquake.  In order to accomplish this objective, 

strain gages, short-range displacement gages, and non-contact displacement gages were 

selected for locations on Pier A and Pier C to optimize the quality of data obtained in this  
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Figure 5.1 - Instrumentation Overview (Southside) 

research.  An overview of the instrumentation design on the structure is shown in Figure 

5.1.  The instrumentation design for this static-based SHM system consisted of 24 strain 

gages, 6 displacement gages, 30 thermistors and 4 lasers that were implemented on Pier A 

and Pier C of the bridge.  The number of each type of gage placed on Pier A and Pier C 

and an overview of the instrumentation at Pier A and Pier C can be seen in Table 5.1,  

Figure 5.2 and Figure 5.3.  Note the sensors in Figure 5.2 and Figure 5.3 are on the South 

side and are identical on the North side of each pier.  All the VW sensors and lasers on Pier 

A are cable connected to a data logger located on Pier A.   

Table 5.1 - Instrumentation 

 
 

Pier Strain Gage Displacement Gage Lasers Thermistor
A 12 4 4 16
C 12 2 0 14
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Figure 5.2 - Pier A Instrumentation (Southside) 

 
Figure 5.3 - Pier C Instrumentation (Southside) 

As for the sensors on Pier C, they are cable connected to a setup on Pier C that wirelessly 

sends data to the data logger located on Pier A.  The data logger on Pier A is connected to 

a cell modem which provides remote accessibility anywhere with an internet connection. 

The data logger is programmed to sample the readings of the strain and displacement gages  
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once every five minutes.  Sampling every five minutes produces sufficient data to analyze 

the temperature movements of the structure.  The focus of these measurements is to assess 

the functionality of the bearings and determine the force distribution of the arch members 

framing into these bearings. 

Along each cross-section of members framing into the friction pendulum bearings 

on Pier A and Pier C, six Geokon Model 4000 VW strain gages were attached to measure 

the strain experienced in the members.  The strain gages can be seen in Figure 5.4.  Each 

strain gage has a thermistor to take temperature measurements along with the strain 

measurements.  Two strain gages were attached to the roadway side of each member cross-

section, eight inches from the top and bottom of the member.  This was done in order to 

not only have the ability to monitor the axial behavior of the members but to monitor its 

in-plane bending behavior, as well as provide redundancy in the measurements.  The VW 

strain gages were attached roughly five feet from the gusset plates to reduce the gusset 

plate influence on the strain data.  A view of a typical strain gage location from the catwalk 

of the structure is shown in Figure 5.5. 

 
Figure 5.4 - Geokon Model 4000 Strain Gage 
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Figure 5.5 - Typical Strain Gage Placement on Member 

VW displacement gages were utilized to act as the short-range displacement gages 

that track the temperature movements experienced in the friction pendulum bearings.  The 

short-range displacement gages used in this project are the Geokon Model 4420 customized 

with a specific range to withstand the projected temperature movements of the 

superstructure.  Like the strain gages, thermistors are also included with each displacement 

gage to track the temperature as the bridge expands and contracts.  The VW displacement 

gage is shown in Figure 5.6. 

 
Figure 5.6 - Geokon Model 4420 Displacement Gage 
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To size the displacement gages for the movement range needed for this application, the 

equation for linear thermal expansion was used.  Assuming Pier B is fixed, the theoretical 

longitudinal displacement (δ) at Pier A and Pier C for the 900 foot span lengths were 

calculated using the expression in Eq. 1.  Assuming a coefficient of thermal expansion for 

steel as roughly 6.5e-6 in/in℉ and a conservative uniform temperature change of 120℉, 

the expression yields a movement range of 8.4 inches (213 mm).  As a result, the 

displacement gage range selected for this project was conservatively 250 mm (9.8 inches). 

δ = 𝛼𝛼(∆𝑇𝑇)𝐿𝐿     Eq. 1 

 

   where,  α    = coefficient of thermal expansion of steel  

     ΔT = uniform change in temperature 

     L    = span length     

Since the structure is in a high seismic zone, Acuity AR1000 Lasers were 

implemented into the design as the non-contact displacement gages to track the larger 

potential movements of the structure due to an earthquake.  Knowing the bearings ability 

to displace longitudinally a maximum of 32 inches and laterally a maximum of 27.25 

inches, selecting the right long-range displacement gages for this application became a 

challenge.  Long-range VW gages were considered but were deemed impractical due to 

their delicate range capabilities and attachment difficulties.  To meet this challenge, two 

lasers were placed at each bearing on Pier A, one parallel and one perpendicular to the 

bridge to track the longitudinal and lateral movements of the superstructure.  In order to 

capture the relative movement of the superstructure to the substructure/pier during an 

earthquake, the lasers were programmed to sample at a frequency of 10 Hertz.  A higher 
34 
 



sampling rate was desired, however, limitations with the data logger required this 

maximum sampling rate.  Due to the location of the bearings relative to the entire structure, 

measuring the bearing’s absolute movement became a task that seemed impractical to 

solve.  Sampling at this rate will produce sufficient data to analyze and assess the 

movements of bearings before, after, and during the event. 

 

5.3 System Programming and Assembly 

 

After the instrumentation plan was finalized, the instruments were ordered and shipped 

to the laboratory for programming and assembly.  First, the data logger, a Campbell 

Scientific CR1000, was programmed using a Campbell Scientific software called 

LoggerNet.  LoggerNet was used to communicate with the CR1000 and send new and 

updated programs as the system was being assembled.  A copy of the final program used 

for the monitoring system can be seen in Appendix A.  These programs were developed 

within LoggerNet using a CR Basic programming language.  The CR1000 data logger is 

shown in Figure 5.7. 

 
Figure 5.7 - Campbell Scientific CR1000 Datalogger 
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The program was constructed with intentions to have the CR1000 acquire 

measurements from the gages instrumented on Pier A that were directly hardwired into the 

datalogger and acquire measurements wirelessly by radio from a set up wired to the  gages 

instrumented on Pier C.  To have the gages on Pier A hardwired into the data logger, a 

Campbell Scientific vibrating wire analyzer (AVW200) and a Campbell Scientific 

Multiplexer were wired into the CR1000 to increase the number of gages that could be 

directly connected to the CR1000.  This Multiplexer permitted the instrumentation design 

to have the designed 20 gages on Pier A directly hardwired into the system.  In addition, a 

back-up battery, a cell modem and a radio were installed for remote access to the system 

and for communication between the setup at Pier A and Pier C.  The Box A configuration 

can be seen in Figure 5.8. 

 
Figure 5.8 - Box A Configuration 
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For the setup on Pier C, Box C consisted of a Campbell Scientific vibrating wire 

analyzer which included a built in radio (AVW206), a Multiplexer and a back-up battery 

for any instances that direct power was not available.  The AVW206 was programmed to 

obtain the gage measurements at Pier C, and through its built in radio, send the gage 

measurements to Box A where it was received and stored by the CR1000.  The CR1000 

would then store the collected data, and when accessed, allow the data to be downloaded 

remotely.  The configuration of Box C can be seen in Figure 5.9.  In order to program the 

system to perform these tasks, significant time was devoted to the development of the 

program and assembly of this complex system.  Data quality checks and assembly checks 

were conducted to help eradicate any possible issues that inhibit a successful installation 

process and ensure its performance is as designed. 

 
Figure 5.9 - Box C Configuration 
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CHAPTER 6  

 

SHM SYSTEM INSTALLATION 

 

6.1 Introduction 

 

The second objective of this project was to install the instrumentation onto the 

Hernando DeSoto Bridge.  This included the development of an attachment method for 

each element of the monitoring system, fabrication of the attachments for each designed 

method, coordination with TDOT for lane closures and the use of their Aspen A-62 snooper 

truck, and the execution of quality control checks after installation.  The installation of the 

instrumentation consisted of four days with a fifth day designated for quality controls 

checks on the data and the attachments.  An overview of the installation of the system is 

discussed in the next section followed by detailed information on the attachment methods. 

 

6.2 Installation Overview 

 

Over the four days of installation, TDOT provided lane closures with a road crew 

on east and west bound traffic lanes for safety during the installation of the system and to 

allow the use of their Aspen A-62 snooper truck.  The use of the snooper truck was vital in  
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Figure 6.1 - Aspen A-62 Snooper Truck and Road Crew 

executing the instrumentation design because it allowed access to all gage locations on the 

bridge.  Figure 6.1 illustrates the lane closure during the use of the Aspen A-62 snooper 

truck. 

Days one and two were designated for the installation of the system on Pier A.  

Using the Aspen A-62 snooper truck, strain gages were attached to the arch members 

framing into the upstream and downstream friction pendulum bearings.  The use of the 

snooper truck during the attachment of the strain gages is shown in Figure 6.2. 

 
Figure 6.2 - Snooper Truck Use during Strain Gage Attachment 
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Displacement gages and lasers were then attached at their designed locations.  Once all the 

gages were attached, the cabling was performed to run the wires from the gages to Box A’s 

location.  Since extra cabling was needed for some of the gages to reach the Box A location, 

time was devoted to soldering the extra cable lengths.  Once all the gages were attached 

and the extra cable was soldered, Box A was mounted onto the pier cap using one-fourth 

inch wedge anchors.  Because the system was designed for the CR1000 in Box A to receive 

information wirelessly from Box C, a clear line-of-sight was needed between Box A and 

Box C to have information transmitted and received properly.  To accommodate this, Box 

A was mounted on the top surface of the pier cap.  The box location and line-of-sight to 

Pier C can be seen in Figure 6.3. 

 
Figure 6.3 - Box A Line-Of-Sight to Pier C 
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Figure 6.4 - Box A Post Installation 

The strain and displacement gages were then wired into specific channels on the 

Multiplexer while the lasers were wired directly into the CR1000 within Box A.  This was 

done due to the difference in sampling rates.  Because each gage had to be wired into the 

correct channel for the system to work as designed, considerable time was dedicated to 

ensure the wiring was done correctly.  Figure 6.4 depicts Box A post installation.  

After the installation of the instrumentation on Pier A, days three and four were 

devoted to the installation of the system on Pier C.  Similar to Pier A, the strain gages were 

attached on the arch members using the Aspen A-62 snooper truck provided by TDOT, and 

displacement gages were attached to the upstream and downstream friction pendulum 

bearings.  No soldering was needed as ample cabling was available to reach the location of 

Box C.  Once the gages were attached, Box C was mounted, and the gages were wired to 

their designated channels on the Multiplexer.  The cabling was then put in the flexible  
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Figure 6.5 - Box C Post Installation 

conduit for environmental protection and aesthetics.  Figure 6.5 depicts Box C during post 

installation. 

The fifth day of the installation was devoted to performing quality control checks on 

the system.  Gage attachments and wiring were scrutinized in order to ensure the gage wires 

were in the correct channels and that gages were attached correctly.  Superglue was applied 

on nuts and bolts on the attachments to prevent any back-off from occurring due to long-

term vibration experienced on the bridge.  Specifics of the superglue application is 

discussed in the next section. 
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6.3 Attachment Method Details 

 

In designing the attachment methods for each gage within the SHM system, each 

attachment method was detailed and presented to TDOT for approval.  Once approved, 

materials were gathered for the attachments and fabricated to the specifications presented 

to TDOT.  The most non-destructive methods were selected for this project. 

To begin the attachment method of the strain gages, the locations of the gage 

mounting blocks were marked on the arch member, and the paint was grinded off to ensure 

a good contact between the gage and the member.  The gage and the attached mounting 

blocks can be seen in Figure 6.6.   

 
Figure 6.6 - Strain Gage and Mounting Blocks 
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Figure 6.7 - Steel Gage Covers 

Next, fast-setting superglue was applied to the mounting blocks to attach the gage to the 

member.  Once the superglue dried, a high strength epoxy was applied around the back and 

sides of the mounting blocks.  This attachment method is relatively easy and a good non-

destructive alternative to attaching these gages.  After allowing for a five-minute setting 

time for the epoxy, two coats of UV-resistant spray paint were applied onto the gage, and 

a steel cover was placed over the attachment to protect the gages and attachment.  The steel 

covers can be seen in Figure 6.7 above.  The steel covers were attached similarly to the 

gages in that superglue and epoxy was used, but the paint on the bridge was not grinded 

off.  Once the gages and covers were attached, the cables for these gages were placed in 

flexible conduit (wire loom) throughout the bridge for cable protection and aesthetics.  A 

portion of the black flexible conduit that was used in this project is shown in Figure 6.7. 

The attachment process of the short-range VW displacement gages was a difficult 

process to develop in that one end of the gage had to be attached to the substructure and 

the other end attached to the superstructure in order to capture the relative movement 

experienced in the bearings.  To accomplish this task, four 22-inch tall steel brackets were 
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fabricated to be anchored onto the pier cap (substructure) and bolted to one end of the gage.  

The other end of the gage was bolted to a steel angle attached to the top of the bearing 

(superstructure).  To attach the angle to the bearing, the angle was first centered on the 

bearing.  Once centered, the location of the angle was marked and grinded to clear off any 

paint or debris.  Superglue and fast-setting epoxy was then applied to the angle to secure 

the angle to the bearing.  While allowing for the superglue and epoxy on the angle to cure, 

the fabricated bracket was centered to the angle and marked.  Holes were drilled into the 

pier cap in order to anchor the brackets securely.  One-fourth inch wedge anchors were 

hammered into the drilled holes, and the bracket was bolted onto the pier cap.  The VW 

displacement gage was then bolted at the ends to both the angle, which was attached to the 

superstructure, and the bracket which was attached to the substructure.  The attachment of 

the gage and brackets can be seen in Figure 6.8. 

 
Figure 6.8 - Displacement Gage Attachment 
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Some preventive care was done to protect the attachment from corrosion and 

vibration.  Three coats of UV-protective spray paint were applied to the connections and 

bolts in order to protect the connection from UV rays and corrosion.  To help prevent any 

backing off of the nuts on bolts due to the vibration experienced on the bridge, superglue 

was applied to the contact between the nuts and bolts holding the gage to the attachments 

and holding the bracket to the pier cap. 

The attachment of the lasers (or non-contact displacement gages) was difficult 

because (1) the lasers had to be secured onto a stationary structure for accuracy of the data 

and (2) a large flat surface on the bearings had to be found to have the lasers to target.  With 

an uneven surface, the laser readings would be sporadic with data interpretation being 

difficult due to the inconsistency of the readings.  It would be difficult to determine if the 

spikes in the readings were due to actual movements in the bearings or changes in depth of 

the surfaces the lasers were targeting.  To ensure the lasers would stay stationary, aluminum 

 
Figure 6.9 - Acuity AR1000 Laser and Attachment 
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railing brackets were fabricated with four one-fourth inch drilled holes for the lasers to be 

bolted down.  The aluminum brackets were attached to the pier cap railings using pipe 

clamps that wrapped through the attachment and around the railings.  The laser and the 

attachment is shown in Figure 6.9.  Once the attachments were secured, the lasers were 

pointed at the desired flat surface on a selected side of the bearings and bolted onto the 

aluminum brackets.  Superglue was also applied to the pipe clamps and bolts to prevent the 

nuts from backing off due to vibration experienced on the bridge.  Figure 6.10 illustrates 

the perpendicular and parallel orientations of the Acuity AR1000 Lasers on the pier cap to 

effectively capture any bearing movements from an earthquake. 

 
Figure 6.10 - Laser Orientation on Pier Cap 
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CHAPTER 7  

 

DATA PROCESSING AND INTERPRETATION 

 

The third objective of this project was to collect and analyze the data in order to 

determine the current performance of the bearings at Pier A and Pier C, determine the force 

distribution in the members framing into these bearings, and provide a framework with 

threshold criteria for the future automated SHM system.   In order to accomplish this 

objective, data was collected over the span of three months from the Hernando DeSoto 

Bridge SHM system and uploaded into MATLAB where a program was developed to 

process and analyze the data.  With the use of this program, the current bearing 

performance was analyzed at both Pier A and Pier C, the force distribution in the members 

framing into the bearings was determined, and percentages of the theoretical movement 

were calculated.  The results from the analysis at each pier are described separately below. 
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7.1 Pier A Evaluation 

 

7.1.1 Data Organization 

 

The first step to process the raw data for it to be analyzed was to zero it.  In order 

to zero the data, a reading of all the gages at a time where the bridge was at a steady state 

was chosen through studying the data. These values were then subtracted from every 

reading.  For the structure to be at a steady state, the temperature was stable with minimal 

temperature gradients throughout.  This allowed for consistent deviations in the measured 

responses during the data interpretation.  Once zeroed, different relationships were 

analyzed and studied to understand the movements in the bearings and the response the 

bridge had to temperature changes throughout a typical day.   

The second step was to investigate different relationships in the data in order to 

study the behavior of movement experienced in the bearings.  Displacement versus 

temperature graphs were developed within the MATLAB program to understand and 

quantify how much the bridge is expanding and contracting when it heats up and cools 

down during a typical day.  Before graphing this relationship, the temperature readings 

from each thermistor along Pier A were averaged at every sampling interval to develop an 

average temperature at Pier A.  This allowed the data to represent the average temperature 

at Pier A in its entirety and not just at one particular location.  While studying the bearing 

displacement and temperature relationship at Pier A, a cyclic pattern was discovered as the 
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bridge heated up during the day and cooled down at night.  This cyclical pattern can be 

seen over a one day period, a two day period, and a three day period in Figure 7.1. 
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(a) 

 
(b) 

 
(c) 

Figure 7.1 – Bearing Displacement vs. Temperature over October 6 (a), October 6-7 

(b), and October 6-8 (c), 2016 
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 Upon discovery of this pattern, significant effort was devoted for understanding the 

bridge’s response to temperature changes throughout the day, and specifically what each 

portion of the graph represented.  During the mornings as the sun begins to rise, the 

temperature increases, and the bridge structure begins to heat up.  This increase in 

temperature causes the bridge to thermally expand as the materials that make up the 

structure begin to thermally expand.  Frictional forces within the friction pendulum 

bearings prohibit the bridge from expanding causing a semi-vertical line to appear in the 

bearing displacement versus temperature graphs.  This is because movement within the 

bearings will not occur until the summation of the horizontal forces in the members due to 

thermal expansion exceeds the frictional force within the bearings.  For explanation 

purposes, this semi-vertical line that represents minimal displacement during increasing 

temperature readings will be called the “early stick”.  The early stick section of the graph 

is circled in Figure 7.2.   

 
Figure 7.2 - Early Stick 
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Once the horizontal forces in the members exceed the frictional force within the 

bearings, the bridge begins to move, and the displacement begins to increase as temperature 

increases.  The bridge will continue to displace until the force build-up in the members 

ceases to exceed friction.  This halt in displacement happens when the temperature begins 

to decrease causing a lack of member force build-up.  Similarly, due to this decrease in 

temperature, a semi-vertical line is also produced in the bearing displacement versus 

temperature relationship.  As the temperature decreases, the bridge structure begins to try 

to shrink but is initially not able to due to the friction in the bearings.  Not until the forces 

in the members due to shrinkage exceed friction can the bridge begin to contract.  This 

period of time where there is minimal displacement while temperatures decrease will be 

called the “late stick”.  The late stick section of the graph is circled in Figure 7.3. 

 
Figure 7.3 - Late Stick 
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Using the member strains during the early and late stick time periods, the member 

force distribution can be determined, and the coefficient of friction within the bearings can 

be calculated in order to evaluate the bearing performance at Pier A. 

 

7.1.2 Data Selection 

 

In order to determine the force distribution in the members framing into the 

bearings at Pier A and to evaluate the bearing performance by back calculation of the 

coefficient of friction, the change in member strains during the early and late stick times 

had to be captured.  This change in strains represented the force needed to break friction 

which can then be used to determine the coefficient of friction in the bearings.  However 

not all the days collected over the 3 month span could be used.  Specific days and times 

had to be selected in order to 1) capture the structure at a steady state to reduce out-of-

plane bending effects and 2) capture the structure during a period of time where lateral 

temperature gradients were minimal.  Since two strain gages were attached to each 

member, the average of their responses was used to compute the axial strain neglecting in-

plane bending.  Nevertheless, this calculation was not sufficient to neglect out-of-plane 

bending effects.  Therefore, different strategies had to be developed in order to select the 

days that provided the most reliable data in computing axial strain. 

Lateral temperature gradients can be created when one particular side of the bridge 

is exposed to more direct sunlight than the other.  This exposure to direct sunlight can cause 
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members to have one side heat up faster causing out-of-plane bending to occur.  Because 

the strain gages were attached to the roadway side of the members, strains due to out-of-

plane bending were captured in the strain data in addition to the axial member strains.  This 

became a challenge due to the fact that there was no logical way of determining how much 

of the measured member strains were caused by out-of-plane bending with the system 

implemented on the structure.  Initially, the strain gages were designed to be attached to 

the inside faces of the built-up members, but there was no access for the gages to be placed 

on the inner part of the members.  Moving forward, it became paramount to try to minimize 

the influence out-of-plane bending had on the strain data by specifically selecting certain 

days with certain criteria that would allow the strain measured to be predominantly axial.    

First, in order to minimize the out-of-plane bending in the members, days that were 

predominantly cloudy were selected due to the lack of direct sunlight the structure 

experienced.  By looking at the local weather history in Memphis, Tennessee, different 

cloudy days were selected to be analyzed.  What was discovered was due to the lack of 

temperature change during some cloudy days, the member force build-up was insufficient 

to break friction causing no appearance of the early stick or late stick times.  Without the 

early and late sticks, the frictional force in the bearings could not be determined since the 

member force build-up never exceeded friction.  Because there were not an abundance of 

predominantly cloudy days during the data collection period where the forces of friction 

were exceeded, additional days had to be selected in order to have enough data to evaluate 

the bearing performance.   
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Figure 7.4 - Sun Positioning Envelope 

Sun positioning during the collection period was investigated.  Using the National 

Oceanic and Atmospheric Administration (NOAA) sun position calculator, sunny days 

where the sun’s positioning throughout the day was close to directly over the bridge 

structure were found and used.  An envelope showing the sun’s positional relative to the 

Hernando DeSoto Bridge during the selected days can be seen in Figure 7.4.  The time 

period selected to provide the best quality of data was September 17th - October 8th, 2016.  

The sun positioned over the bridge throughout the day would suggest longitudinal 

temperature gradients were produced and not lateral temperature gradients because one 

side of the bridge would not be exposed to more sunlight than the other.  This reasoning 

would allow for the inclusion of certain sunny days since it also minimized the lateral 

temperature gradients produced by the position of the sun.  Longitudinal temperature 

gradients produce axial thermal expansion which would minimize any out-of-plane 

bending occurring in the members and allow the strain readings to be mainly axial strains.  

With these specifically chosen days, their early and late stick time frames were used to 
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capture the change in strains and determine the force distribution in the framing arch 

members of the upstream and downstream bearings at Pier A. 

 

7.1.3 Member Force Distribution 

 

To begin analyzing the data from the selected days, the time frame for the early 

stick and late stick times had to be determined.  These time frames were picked by selecting 

the gage readings from right before the early and late sticks occurred in the displacement 

versus temperature graphs and the gage reading right after each stick occurred where the 

forces in the bearings broke friction.  Once these time frames were determined, the strain 

versus average temperature graphs were developed for each member framing into the 

bearings.  A display of one of the temperature versus strain graphs for the members framing 

into the upstream bearing on Pier A during the early stick time frame is shown in Figure 

7.5. 
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(a) 

 
(b) 
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(c) 

Figure 7.5 - Vertical (a), Diagonal (b), and Horizontal (c) Member Temperature vs. 

Strain Graphs 

Using these relationships, the change in strains were determined for each member 

framing into each bearing as they relate to the frictional force experienced in the bearings.  

With the assumption that there was minimal out-of-plane bending and that all the strains 

measured were due to axial force and in-plane bending, the strain values were converted 

into stresses using Hooke’s Law shown in Equation 2. 

σ = E𝜀𝜀      Eq. 2 

 

   where,  σ   = stress in members  

     E   = modulus of elasticity for steel 

     ε   = measured strain in members 

With the modulus of elasticity for steel (E) to be 29,000 ksi, the measured strain (ε) was 

multiplied by the modulus of elasticity for steel to determine the stress (σ) experienced in  
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Figure 7.6 - Free Body Diagram of Arch Members Framing into the Bearings 

the members during each early and late stick.  The calculated stress values were multiplied 

by the cross-sectional area of the members found in the plans provided by TDOT to 

calculate the axial forces in the members.  A free body diagram of the force distribution in 

the arch members framing into the bearings is shown in Figure 7.6.  Using equilibrium, the 

assumption of no shear forces in the vertical members, and ignoring the minimal influence 

the small curvature of the bearing base plate has since temperature movements occur at the 

center of the bearing as opposed to the edges, forces were summed in the horizontal 

direction to identify the frictional force in each bearing (𝐹𝐹𝐹𝐹) as shown in Eq. 3.  

𝐹𝐹𝐹𝐹 = 𝐹𝐹𝐿𝐿 + 𝐹𝐹𝐷𝐷 cos𝜃𝜃   Eq. 3 

      

   where,  𝐹𝐹𝐿𝐿  = force in lower chord 

     𝐹𝐹𝐷𝐷  = force in diagonal chord 

     𝜃𝜃    = angle between diagonal and lower chords 
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Table 7.1 - Pier A Early and Late Stick Friction Force Results 

 
 

The results of the measured friction force experienced during the early and late stick 

time frames in the bearings at Pier A is shown in Table 7.1.  Along with the calculated 

average friction force, a standard deviation was performed for each bearing to provide 

insight as to how much the measured friction forces varied during the selected time period. 

 

7.1.4 Coefficient of Friction 

 

The final step to evaluating the bearing performance at Pier A was to calculate the 

coefficient of friction in the friction pendulum bearings and compare the measured values 

to the design values.  An estimated dead load on the bearings from the bridge plans 

provided by TDOT was 4022 kips.  The coefficient of friction (µF) was calculated using 

the friction force values from the analyzed early and late stick time frames (see Error! 

Reference source not found.).The equation used to determine the coefficient of friction is 

shown in Equation 4. 

 

Time Frame Early stick Late Stick
Frictional Force Range (kips) 173.1-251.1 192.3-259.7
Frictional Force Mean (kips) 211.2 224.1

Frictional Force Standard Deviation 22.2 18.0

Time Frame Early stick Late Stick
Frictional Force Range (kips) 160.8-265.4 155.4-336.8
Frictional Force Mean (kips) 205.4 274.9

Frictional Force Standard Deviation 32.7 34.4

Downstream Bearing

Upstream Bearing
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µ𝐹𝐹 = 𝐹𝐹𝐹𝐹
𝐹𝐹𝐷𝐷𝐷𝐷

   Eq. 4 

      

   where,  µ𝐹𝐹  = Coefficient of Friction 

     𝐹𝐹𝐹𝐹  = Frictional Force 

     𝐹𝐹𝐷𝐷𝐿𝐿 = Estimated Dead Load 

The coefficient of friction values were averaged, and a standard deviation was performed 

to display the accuracy of the values collected from the data.  These values along with the 

mean coefficient of friction values can be seen in Table 7.2. 

Table 7.2 - Pier A Bearing Performance Values 

 
 

 

 

 

 

 

 

Bearing Upstream Bearing Downstream Bearing
Coefficient of Friction Range 0.04-0.06 0.04-0.08
Mean of Calculated Coefficient of Friction 0.05 0.06
Standard Deviation of Coefficient of Fricition 0.0063 0.0122

Pier A Bearing Performance Values
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7.1.5 Percentage of Movement at Pier A 

 

To compare the theoretical movements to the measured movements in the bearings 

at Pier A, a linear regression analysis was performed using the displacement data.  Because 

the long-term slope of the displacement versus temperature data could be best determined 

by a line of best-fit, linear regression analysis was considered sufficient.  The theoretical 

longitudinal movement at Pier A was calculated using the equation for linear thermal 

expansion which is shown in Equation 1.  This linear regression analysis technique was 

also applied by Yarnold, Dubbs [15], Herman, Helwig [18], and Wang, G., el. al. [19].  

Based on the data collected over a three-month period, a linear regression was 

performed on each bearing to create a line of best-fit through the displacement versus 

temperature data.  The slope of the line of best-fit was used to determine the amount of 

movement seen per degree of temperature change.  The linear regression performed on 

each bearing data can be seen in Figure 7.7and Figure 7.8. 
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Figure 7.7 - Pier A Upstream Bearing Data 

 
Figure 7.8 - Pier A Downstream Bearing Data 
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With the assumption that the thermal neutral point occurred at Pier B due to the structure’s 

symmetry, the average of the change in temperature at Pier A and Pier C over the three 

months was used, and a slope of the theoretical movement of 0.0702𝑖𝑖𝑖𝑖
℉

 was calculated.  The 

slope of the theoretical movement was computed using Equation 5.   

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = δ
∆𝑇𝑇

= 𝛼𝛼𝐿𝐿   Eq. 5 

      

   where,  α    = coefficient of thermal expansion of steel  

     ΔT = uniform change in temperature 

     δ    = change in length 

     L    = span length 

The evaluated reciprocal of the slope for the upstream and downstream bearings 

were 0.067𝑖𝑖𝑖𝑖
℉

 and 0.072𝑖𝑖𝑖𝑖
℉

.  This was roughly 95% and 103% of the calculated theoretical 

movement, respectively.  The small difference in movement could be equated to flexure 

occurring in the substructure at Pier A.  In addition, the difference could be a result of the 

coefficient of thermal expansion being slightly higher than estimated.  In either case, the 

bearings at Pier A illustrate sufficient movement with temperature change. 

 

7.1.6 Pier A Bearing Performance Summary 

 

The friction pendulum bearings at Pier A were studied and evaluated thoroughly 

over a course of three months indicating adequate performance levels.  Based on the 
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calculated data in this study, the coefficient of friction in the downstream bearing roughly 

matched the design values provided in the plans, and the upstream bearing had a value 

slightly lower than its design value. In addition, the percentage of displacement measured 

at the Pier A bearings compared to the theoretical movement was reasonable, indicating 

adequate thermal movement.  In conclusion, the comparison performed in this study 

between measured and theoretical movement experienced in the Pier A bearings validates 

proper functionality. 

 

7.2 Pier C Evaluation 

 

7.2.1 Analyzing Bearing Movement 

 

The data collected over the three-month period was processed and analyzed through 

the exact process performed to Pier A.  The process of organizing and selecting the data 

can be reviewed in sections 7.1.1 and 7.1.2 in this thesis.  Over time, challenges arose in 

acquiring data from Pier C due to the frequency interference the city of Memphis had on 

the system.  Data sent from Pier C to the main setup at Pier A was being interfered which 

caused gaps in the data.  This interference did not affect the quality of the data, but it 

affected the quantity of data retrieved from the system.  To overcome this challenge, the 

data was scrutinized in order to select time frames within the time frames established 
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during the data selection process described in section 7.1.2 that produced reliable data with 

minimal data interferences.   

The displacement versus temperature graphs displayed limited movement 

measured at Pier C compared to the movements measured at Pier A.  Some movement was 

captured as temperatures dropped toward freezing during the later months of the fall 

season.  The displacement versus temperature graphs of the Pier C upstream and 

downstream bearings illustrating the movement captured over the collection period can be 

seen in Figure 7.9 and Figure 7.10.   

 
Figure 7.9 - Pier C Upstream Bearing Displacement vs. Temperature 

67 
 



 
Figure 7.10 - Pier C Downstream Bearing Displacement vs. Temperature 

To understand the difference in the measured movement at Pier A and Pier C, a time-

history plot of the displacements experienced at Pier A and Pier C is shown in Figure 7.11.  

Based on the figure shown below, there is a significant difference in the amount of 

displacement measured at each pier.   
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Figure 7.11 - Pier A and C Comparison Time-History Plot 

Upon this discovery, quality control checks were performed to ensure the readings 

were accurately representing the movement captured at Pier C.  The code was checked 

multiple times to ensure the displacement gages were measuring the displacements 

correctly and in the units that were desired.  An installation check was performed on all the 

wiring and mounting of the displacement gages, and readings from both gages were 

compared to provide redundancy to what was being measured. 

 Once the data was deemed accurate, member strains at Pier C during the late stick 

time frames established for Pier A were graphed versus temperature.  Early stick and late 

stick time frames for the bearings at Pier C could not be determined since no cyclical 

movement was seen.  The best alternative was to look at the strains during the late stick 

time frame established by the Pier A bearing movements.  The strains measured at Pier C  
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Table 7.3 - Late Stick Friction Forces 

 
 

and the horizontal force produced at Pier C due to thermal expansion were smaller than at 

Pier A which suggests that the force build-up in the members never exceeded friction.  This 

comparison can be made since it is clear from the displacement versus temperature graphs 

that the forces at Pier A exceed friction during this time frame. Table 7.3 displays the 

average strain, average stress and average horizontal force experienced in each diagonal 

and bottom member at Pier A and Pier C during the established late stick time frame.  The 

values calculated in Table 7.3 show a difference of 38 kips of force in the average 

horizontal force produced by the member strains.  By multiplying the designed dead load 

of 4022 kips and the designed coefficient of friction of 6%, the force build-up needed to 

break friction is roughly 241 kips.  The average horizontal force measured in the bearings 

at Pier C is 212 kips.  This is approximately 12% less than the required force needed to 

break friction in the bearings.  This lack of force build-up in the members at Pier C during 

a time frame that should experience bearing movement may indicate the expected thermal 

movement is occurring at another location of the bridge.   

Member Diagonal Chord Bottom Chord
Average Δ Strain 62.2 79.0

Average Stress (ksi) 1.8 2.3
Average Horizontal Force (kips)

Member Diagonal Chord Bottom Chord
Average Δ Strain 48.9 70.1

Average Stress (ksi) 1.4 2.0
Average Horizontal Force (kips)

Pier C

Pier A
Late Stick Friction Force

250

212
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 The investigation of the bearings at Pier C shows that the force build-up in the 

instrumented members does not exceed the friction in the bearings.  This verifies why 

limited movement was measured at Pier C.  A comparison of the measured movement with 

the theoretical movement was not necessary based on the obvious limited movement 

described above.  Theories as to where the movement was distributed were developed and 

presented to TDOT. 

 

7.2.2 Theories Behind Limited Bearing Movement at Pier C 

 

The initial theory to explain the lack of movement measured at Pier C was that the 

bearings were locked up, but through further investigation, this theory was considered 

false.  If the bearings were locked up or “frozen”, a substantial amount of force build-up 

would be measured in the instrumented members.  In theory, there should be close to the 

same amount of movement occurring at Pier C as there is at Pier A.  Not only was there no 

substantial strain build-up in the members at Pier C, but in fact the strains were less than 

the measured strains at Pier A.  If member forces never exceed friction, no movement will 

occur in the bearings. 

 Another theory as to why the Pier C bearings measured limited movement was gage 

malfunction.  This was investigated through numerous quality control checks.  Even with 

rigorous quality control checks, it was realized that there is always a possibility of the 

measured data to be false readings, but pictures taken during installation were reviewed to  
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Figure 7.12 - Maximum Captured Movement at Pier C Bearings 

determine if any details in the attachment process would alter the data.  This theory was 

doubtful due to the redundancy of the measurements measured by both displacement gages, 

and as temperatures dropped significantly at the end of the three-month period, movement 

was seen in the bearings at Pier C.  The maximum movement captured at the Pier C 

bearings is illustrated in Figure 7.12.  Over the course of the data collection period, small 

amounts of movement were seen at the upstream bearing (blue line in Figure 7.12) at two 

instances previous to the instance the maximum displacement was captured.  A maximum 

of roughly 0.4 inches was measured which suggests the displacement gages were working 

as designed since they are able to capture some movement.  

 Based on the lack of movement and force build-up measured at Pier C, the theory 

that the substructure at Pier C may be tilting was investigated.  The lack of force or strain  
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Figure 7.13 - Substructure at Pier C 

build-up in the members implies that the movement is occurring at another location on the 

bridge, which may be in the substructure.  If the force needed to tilt the pier at Pier C is 

smaller than the force needed to exceed friction, the pier will tilt before any movement in 

the bearings occur.  This movement in the substructure would explain the lack of force 

build-up in the members.  A picture of the substructure at Pier C can be seen in Figure 7.13.  

Pier A and Pier C stand at 93 feet tall measuring from the footing to the top of the 

substructure.  If the remaining theoretical thermal expansion movement occurred in the 

tilting of the substructure, it would produce a tilt angle of 0.19 degrees.  This minute 

amount of tilt is invisible to the naked eye.  In order to confirm this theory, a tilt meter 

would need to be implemented to the system to capture any tilt occurring in the 

substructure.  Another option would be to use a non-contact displacement sensor with 

sufficient resolution to measure the global movement at the pier. 

 To add to the theory of the substructure tilting at Pier C, the different bridge 

approaches coming into Pier A and Pier C may have an effect on the pier’s ability to tilt.  
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Pier A has an approach span much longer than the approach span at Pier C.  The longer the 

approach span the greater the amount of thermal expansion will be which will produce a 

greater longitudinal force than the shorter span.  The approach on Pier A also frames into 

friction pendulum bearings with a substantial amount of friction. The force produced by 

the combination of the expansion of the approach side of Pier A and the friction pendulum 

bearings would counteract the force produced by the thermal expansion of the bridge main 

section.  The counteraction would keep the substructure at Pier A from tilting westward 

and would allow the displacement to be measured in the bearings.   This may not be the 

case at Pier C since the approach is shorter and attached to the pier through lead-rubber 

bearings.  The shorter approach may lack the ability to counteract the thermal expansion 

force occurring in the bridge’s main section causing the substructure to tilt eastward.  A 

diagram illustrating the concept of this theory is shown in Figure 7.14.  As previously 

stated, the tilting of the substructure would 

 
Figure 7.14 - Bridge Approach Illustration 
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explain the minimal movement measured in the bearings at Pier C and lack of strain build-

up in the instrumented members. 

 

7.2.3 Pier C Bearing Performance Summary 

 

Displacement measurements at Pier C collected over a three-month period were 

processed and studied to determine the performance of the bearings.  Through this study, 

limited movement was discovered at Pier C due to the lack of force build-up and inability 

to exceed friction in the arch members framing into the bearings.  Because of the lack of 

movement measured at Pier C, bearing performance levels could not be determined.  

Several theories such as locked bearings, gage malfunction, and movement in the 

substructure were developed and investigated.  The proposed theory is that the limited 

movement is due to substructure movement, however, no final conclusion was established.  

In addition, ideas were developed to upgrade the system implemented on the structure in 

order to validate whether the substructure is tilting.  Ultimately the Pier C bearing 

performance could not be determined through field evaluation. 
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CHAPTER 8  

 

LONG-TERM MONITORING 

 

8.1 Real-Time Monitoring 

 

The last objective was to develop a real-time monitoring display using a Campbell 

Scientific product called Real Time Monitor & Control Software (RTMC).  An interface 

was developed to make an easy-to-use visual display that will allow TDOT and/or TTU to 

access the system and monitor the structure in real time.  Basic alerting systems were also 

constructed within the interface with specific thresholds that were developed through 

months of data analysis.  This interface with the implemented alerting systems will make 

monitoring the structure less tedious than looking through a table of numbers in LoggerNet. 

The layout of the monitoring system interface first consists of an overview of the 

instrumentation showing the locations of each sensor on the south side of the structure.  

Note the instrumentation shown on the south side is completely symmetrical to the 

instrumentation on the north side of the structure.  The overview page of the interface is 

shown in Figure 8.1. 
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Figure 8.1 - Interface Overview Page 

Figure 8.2 illustrates the time history plots for bearings displacements on Pier A 

and Pier C that were developed to monitoring the thermal movements of the structure.  The 

Pier A and Pier C displacements displayed on this page represent zeroed measurements.  

More information on how the data was zeroed can be found in section 7.1.1.  The top graph 

represents the bearing movements for the main section and approach bearing displacements 

at Pier A while the bottom graph represents the main section bearing displacement at Pier 

C.  Along with the time history plots were displacement alarms to alert users of any 

anomalies or departures from normal bridge behavior in the bearing displacement readings.  

To determine the displacement thresholds for the alarms, a linear regression analysis was 
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Figure 8.2 - Bearing Displacement Interface Time History Plots 

performed on the displacement versus temperature graphs over the three-month period in 

MATLAB to extrapolate displacement values.  The larger threshold was determined from 

the projected displacement at 120℉, and the smaller threshold was set to the projected 

displacement at 0℉. 

In addition, strain time history plots and alarms were developed to display the 

change in strains throughout a typical time period.  Strain values displayed on the interface 

were averaged and zeroed.  The time history plots for the downstream strain readings for 

Pier A and Pier C are shown in Figure 8.3 and Figure 8.4, respectively. 
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Figure 8.3 - Pier A Downstream Interface Strain Time History Plots 
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Figure 8.4 - Pier C Downstream Interface Strain Time History Plots 

To determine the strain reading thresholds, the Pier A strain versus temperature 

relationships over the entire life of the monitoring system were examined.  Using the tools 

in MATLAB, the maximum and minimum strain values captured over this period of time 

were ascertained in order to establish a foundation for the specific thresholds.  Once 

acquired, the alarms were set with thresholds of 150% of what was measured for the 

maximum and minimum readings for each instrumented member.  The displays for Pier A 

and Pier C include a picture showing the locations of the strain gages on the bridge with 

colored dots with color coordinated graphs that designate which gage the graph represents. 

 Following time history plots, displacement versus temperature relationships for 

Pier A and Pier C were developed.  With this relationship implemented into the interface, 
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users will be able to see the cyclic pattern discussed earlier in this thesis and monitor the 

cyclic pattern to detect any changes to the natural movement occurring in the bearings.  To 

have the displacement versus temperature relationship display the cyclic pattern, the 

displacement readings were zeroed, and the temperature readings were averaged.  Figure 

8.5 and Figure 8.6 illustrate the graphs for the upstream and downstream bearings at Pier 

A and Pier C along with a figure to specify the location of the bearings. 

 
Figure 8.5 - Pier A Interface Displacement vs. Temperature Relationship 
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Figure 8.6 - Pier C Interface Displacement vs. Temperature Relationship 

 Laser readings for the seismic monitoring system were displayed in the real-time 

interface in order to monitor the bearing movements upon a seismic event.  The graphs 

display the laser readings in feet along with alarms to alert users of substantial displacement 

and possible earthquake occurrence.  The laser displacement graph can be seen in Figure 

8.7. 
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Figure 8.7 - Laser Sensor Interface 

The selected threshold values for the real time monitoring display can be seen in Error! 

Reference source not found. below.  The interface will trigger the alerting system and 

alert which gage and what threshold was exceeded, allowing the bridge owner to have the 

ability to be proactive to any gage malfunction or anomalies detected by the system. 
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Table 8.1 - Alarm Thresholds 

 
 

 
 

8.2 Post Event Data Acquisition 

 

In the event of an earthquake or any other significant event, TDOT and/or TTU will 

have the ability to access the displacement readings and strains readings captured by the 

Alarms Minimum (in) Maximum (in)
Main Bearings -6.5 2.5

Approach Bearings -6.5 2.5

Alarms Minimum (MicroStrain) Maximum (MicroStrain)
U.S. Vertical -95 122
U.S. Diagonal -153 49
U.S. Bottom -87 73
D.S. Vertical -191 161
D.S. Diagonal -94 116
D.S. Bottom -179 49

Alarms Minimum (ft) Maximum (ft)
U.S. East/West 7 9

U.S. North/South 7.5 8.5
D.S. East/West 7 9

D.S. North/South 7.5 8.5

Alarms Minimum (in) Maximum (in)
Main Bearings -6.5 2.5

Alarms Minimum (MicroStrain) Maximum (MicroStrain)
U.S. Vertical -138 67
U.S. Diagonal -165 37
U.S. Bottom -87 138
D.S. Vertical -173 174
D.S. Diagonal -179 79
D.S. Bottom -164 186

Displacement Thresholds

Alarm Thresholds
Pier A

Strain Thresholds

Pier C
Displacement Thresholds

Strain Thresholds

Laser Rading Thresholds

84 
 



system.  This will allow engineers to identify any movement the structure experienced 

during the earthquake and determine if the structural integrity of the bridge had been 

compromised due to the movement.  In addition, the collected data will allow for proactive 

approaches to addressing any issues that may have occurred during the event.  In this 

section, a general guide to analyzing the post-event data is provided to assist system users 

in identifying any anomalies and structural deficiencies that may have occurred on the 

bridge. 

 Upon the event of an earthquake, the first thing to do is check and compare the pre-

event and post-event bearing position using the laser readings.  If there was no change in 

the pre-event and post-event readings, this means one of two things: 1) there was no bearing 

movement due to the earthquake or 2) there was movement during the earthquake, and the 

bearings recovered to their pre-event location once the movement stopped.  If there was a 

change between pre-event and post-event bearing location, laser sensors would need to be 

visually inspected to ensure they did not get displaced during the earthquake or detached 

from their sensor mounts.  This will eliminate whether the change in bearing position is 

due to the sensors being displaced or the displacement of the structure.  Next, post-event 

forces in the members must be checked and compared to the pre-event forces measured by 

the system.  Event forces will not be captured due to the sampling rate designated for the 

VW gages.  Pre and post-event force comparison will help identify any shifts the structure 

may have experienced from the earthquake.  Member forces must be compared to their 

yield force to determine whether the change in bearing location was due to yielding 

members and possible deformation of members.   
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In addition to identifying bearings recovery and member forces, visual inspections 

must be performed to determine any damage done to the system.  Visual inspection of 

strain gages and displacement gages needs to be done to ensure the gages did not get 

detached from members and that gages did not get bent or exceed movement capacity 

during the earthquake.  Damaged or malfunctioning gages can also be confirmed by 

comparing any changes in post-event data with pre-event data.  Once the gages and data 

have been reviewed and analyzed, cabling throughout the bridge and wire connections 

within the boxes must be visually inspected to verify the post-event gage readings are 

accurate.  In addition, it would confirm if wire connections may have come apart due to 

the movement on the bridge.  Cabling must be inspected and reattached to the existing hard 

conduit on the structure to prevent loose cabling from being hazardous to future personnel 

on the structure.  Data quality will be jeopardized if instruments are not wired correctly.  

Furthermore, instruments in the boxes must be visually inspected as they may have been 

dislodged within the box during the movement on the structure. 
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CHAPTER 9  

 

CONCLUSION AND FUTURE RESEARCH 

 

A static-based SHM system was designed and installed along the Hernando DeSoto 

Bridge.  This was due to its seismic vulnerability and its high importance to travelers 

crossing the Mississippi River.  The objective of the system was to examine the 

performance and functionality of the friction pendulum bearings implemented in the 

seismic retrofit and provide a monitoring system to effectively capture the bearing 

movements and member forces before, during and after a seismic event.  First, the system 

was designed through study of the bridge plans and inspection reports.  Next the necessary 

instrumentation was ordered, and programs were developed for the system to provide high 

quality data.  Once the system was checked, installation dates and necessities such as lane 

closures and the use of an Aspen A-62 snooper truck were coordinated with the University 

of Memphis CERI and TDOT.  The system was then installed over a span of five days with 

one of the five days allocated for post install quality control checks.  Data was collected 

and analyzed over a three-month period to study the bridge thermal movement / forces and 

determine bearing performance levels at Pier A and Pier C (primary findings provided 

below).  In addition, a real-time monitoring display was developed for visualization of the 

data along with basic alerting criteria. 
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9.1 Pier A Investigation 

 

 To determine the Pier A bearing performance levels, thermal movements and 

member strains were analyzed.  Bearing design characteristics such as the coefficient of 

friction in the bearings were compared to actual measured values collected from the 

system.  The measured coefficient of friction was back calculated using the change in strain 

values collected during the early stick and late stick time frames established from the 

bearing displacement versus temperature relationship.  This change in strain values during 

these time frames relates to the force build-up required to break friction in the bearings.  

The early and late stick time frames are time intervals where none to minimal movement 

occurs as temperature increases and decreases due to the friction in the bearings, 

respectively.  This friction allows for member forces to build-up until the horizontal forces 

created by the temperature change exceed friction and release the build-up.  More 

information on how the time frames were established and what data was selected to be used 

in the analysis can be reviewed in Sections 7.1.1 and 7.1.2.  

By converting the strain to force values and summing the horizontal forces, a 

friction force was calculated for each bearing at each time frame.  The coefficient of friction 

was then calculated using the estimated average dead load on the bearings from bridge 

plans provided by TDOT.  With a coefficient of friction design value of 6%, the averages 

of the coefficient of friction for the Pier A upstream and downstream bearings was 

compared to the calculated values of 5% and 6%, respectively.   The standard deviations 
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of the measured coefficient of friction values for the Pier A upstream and downstream 

bearings were also calculated to be 0.0063 and 0.0122, respectively.  These results indicate 

the coefficient of friction still present after 15 years of service is nearly the same as initially 

constructed. 

Theoretical and measured movements at Pier A were also compared.  A linear 

regression analysis was performed to the collected data on the developed bearing 

displacement versus temperature graphs in order to determine the amount of movement per 

degree of temperature change.  The reciprocals of the slope of the line of best fit for the 

Pier A upstream and downstream bearings were 0.077𝑖𝑖𝑖𝑖
℉

 and 0.079𝑖𝑖𝑖𝑖
℉

, respectively.  With 

the assumption that the thermal neutral point was at Pier B and using the equation for linear 

thermal expansion, the expected theoretical movement was determined to be 0.0702𝑖𝑖𝑖𝑖
℉

.  The 

larger measured values may imply the thermal neutral point is located closure to Pier C or 

the coefficient of thermal expansion used was slightly higher than estimated.  In either case, 

based on the analysis and comparison of design to measured values, the Pier A friction 

pendulum bearings illustrated sufficient movement with temperature change. 

 

9.2 Pier C Investigation 

 

 A similar investigation of the Pier C bearing functionality was performed using the 

monitoring system data.  Through analyzing the data, it was determined that limited 

movement was occurring in the bearings and that further investigation was needed to 
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determine the cause of the limited movement.  Using the late stick time frames established 

in the Pier A bearing performance investigation, average horizontal forces were calculated 

and compared to the average horizontal forces experienced at Pier A during the same time 

frame.  It was calculated that 12% less force (or 38 kips) was measured between the 

bearings at Pier A and Pier C.  The average horizontal force experienced in the bearings at 

Pier C was 88% of the designed force required to break friction within the bearings.  If the 

sum of the horizontal forces in the bearings do not exceed friction, movement will not 

occur.  This lack of force build-up with limited thermal movements implied the expected 

thermal movements may be occurring at other locations on the bridge.  Theories for the 

lack of movement were developed and investigated.  

Several theories were evaluated, but the likely reason for the limited bearing 

movement at Pier C was due to substructure movement.  This theory was considered the 

most feasible due to the lack of strain build-up in the members.  If the amount of force 

needed to break friction was greater than the amount of force needed to tilt the pier, the 

pier will tilt first before any movement will occur in the bearings.  To further support this 

theory, the difference in the approach span lengths of Pier A and Pier C was thought to 

have an effect on the pier’s ability to tilt.  The span length of the approach of Pier C is 

substantially smaller than the approach span length at Pier A.  The longer the span length, 

the larger the thermal movement and the larger potential force produced by temperature 

change.  The approach span of Pier A also frames onto friction pendulum bearings which 

have a greater coefficient of friction than the lead-rubber bearings implemented on the 

approach span of Pier C.  The combination of the friction in the lead-rubber bearings and 
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the thermal expansion of the shorter approach span at Pier C may not produce enough force 

to counteract the thermal forces produced by the arches causing the substructure to tilt.  

This theory cannot be validated without upgrades to the existing system, however, it would 

explain the lack of strain build-up in the members framing into the friction pendulum 

bearings at Pier C.  Overall, the Pier C bearing performance could not be determined 

through this investigation, but theories for the lack of thermal movement were developed 

to provide means for future research on the Hernando DeSoto Bridge. 

 

9.3 Real-Time Monitoring System 

 

A real-time monitoring display was developed with basic alerting capabilities and 

threshold criteria in order to allow users to monitor the structure in real time.  The interface 

included bearing displacement time history graphs and strain time history graphs to show 

how the measured displacements and strains fluctuate throughout the day.  These displays 

include alarms with specified thresholds to alert users of data anomalies that may occur.  

Displacement versus temperature relationships were also developed to display the cyclic 

movement of the bearings with respect to temperature and monitor the natural pattern to 

detect structural anomalies that may disrupt the movement.  A laser reading interface was 

developed with alarms to alert users of large bearing displacements, capture the potential 

larger bearing movements and display the bearing movements before, during and after a 

seismic event.  With the created real-time interface, engineers will have the ability to 
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monitor the structure in real time and provide proactive approaches to addressing future 

data anomalies. 

 

9.4 Future Research and System Improvements 

 

The development of the SHM system implemented on the Hernando DeSoto Bridge 

has provided TDOT with information on the performance and functionality of the friction 

pendulum bearings at Pier A and Pier C, but it has also raised questions about the thermal 

behavior of the structure.  Further research can be done by investigating the proposed 

theories presented in the section 7.2.2 for the limited movement measured at Pier C.  In 

doing so, upgrades to the system, such as the implementation of a tilt meter and/or a non-

contact displacement gage, can be done to effectively capture the Pier C substructure’s 

global movements and validate or disprove the presented theories.   

 Other additions to the system would be to implement a set up containing strain 

gages and displacement gages to study thermal behavior at Pier B.  Having information on 

the thermal behavior at Pier B would give insight to the performance of the friction 

pendulum bearings on that pier and enhance the understanding of the thermal movement 

throughout the main section of the bridge.  Suggestions for this addition would be to 

implement displacement gages at the bearings and instrument the arch members framing 

into the bearings at Pier B with strain gages to capture the strain experience in the members 

as the bridge heats up and cools down.   
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Along with the addition of the set up at Pier B, additional dataloggers can be 

implemented at each pier on the main section in order to prevent any measurements from 

being lost to frequency inferences from the city of Memphis.  A datalogger at each pier 

would allow the wirelessly transmitted measurements to be saved on the datalogger and 

resent at the end next measurement reading when the wirelessly transmitted readings are 

interfered.  Strain gages can be also attached to the instrumented members on all the piers 

of the main section to aid in deciphering between axial strains and out-of-plane bending.  

This would provide more pertinent information on the amount of axial strain and out-of-

plane bending occurring on the structure. 

 Furthermore, code can be developed to automate the SHM system.  The automated 

system would have the ability to send email alerts of data anomalies by exceeding specific 

thresholds.  With this upgrade, emails would be sent to the bridge owner containing 

information on the anomaly and/or what threshold was exceeded enabling a more proactive 

approach to monitoring and preserving the Hernando DeSoto Bridge long term. 
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Figure A. 1 - Page One of System Code 
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Figure A. 2 - Page Two of System Code 
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Figure A. 3 - Page Three of System Code 
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Figure A. 4 - Page Four of System Code 
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Figure A. 5 - Page Five of System Code 
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Figure A. 6 - Page Six of System Code 
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