SEMIACTIVE VIBRATION ABSORBERS (SAVA)
AT THE I-35 WALNUT CREEK BRIDGE

FINAL REPORT

Submitted to:

THE OKLAHOMA DEPARTMENT OF TRANSPORTATION

PROJECT: WALNUT CREEK BRIDGE

Submitted by:

William Neff Patten, Ph.D., P.E.

Director, Center for Structural Control
The University of Oklahoma
865 Asp Avenue, Room 212
Norman, Oklahoma 73019

September 1997



TECHNICAL REPORT DOCUMENTATION PAGE

1. REPORT NO. 2. GOVERNMENT ACCESSION NO. 3. RECIPIENT'S CATALOG NO.
FHWA/OK 97(08)
4. TITLE AND SUBTITLE 5. REPORT DATE

6. PERFORMING ORGANIZATION CODE

7. AUTHOR(S) 8. PERFORMING ORGANIZATION REPORT

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. WORK UNIT NO.

11. CONTRACT OR GRANT NO.

2125
12. SPONSORING AGENCY NAME AND ADDRESS ] 13. TYPE OF REPORT AND PERIOD COVERED
Oklahoma Department of Transportation 2125

Office of Research
200 N.E. 21st Street, Room 2A2

Oklahoma Ci ty, OK 73015 14. SPONSORING AGENCY CODE

~15. SUPPLEMENTARY NOTES
U.S. Department of Transportation

Federal Highway Administration, 715 S. Metropolitan Avenue. Suite 700, OKC, OK 73018

16 . ABSTRACT

The project was undertaken to develop and field test an automatically controlled bridge mounted vibration absorber.
The system, referred to as a semiactive vibration absorber (SAVA) consists of a hydraulic cylinder coupled to structural
steel elements that bolt on to an existing bndge. The hydraulic cylinder (HC) is equipped with a computer-controlled valve
and sensors. The sensors are used to detect the motion of the bridge girders that results from the passage of heavy multi-
axle trucks. The research resulted in the establishment of a smart software code that opens and closes the valve on the HC
at appropriate times during the vibration. The modulation of the valve affords an optimized combination of both stiffness
and damping, which results in a significant reduction of vibration amplitude and maximum stress in the girders. Field
testing of the SAVA system was conducted on the Walnut Creek Bridge at the 92.7 mile marker on I-35 between Dallas,
TX and Oklahoma City, OK. The bridge has a two-lane, 38' wide composite deck, supported by five 134 1b/ft girders
mounted at 8' 6" centers. The continuous 400' long girders were supported at 100 foot intervals by three piers and
abutments at either end of the bridge. The SAVA system was installed in the Summer 1996 on one span of the bridge, and
field-tested for over 12 months. The results indicate a nominal reduction of truck-induced stress and deflection of over
55%. The tests were conducted using four multi-axle trucks with weights ranging from 27 klbs to 120 klbs, traveling at
the posted speed limit. NCHRP 299 (1989) was used to determine the remaining safe life of the bridge. The most
conservative estimate indicates that the span, in which the SAVA system is mounted, gained an additional 60 years of safe
life and over 150 years of mean life. The estimated safe life of the bridge prior to the installation of the SAVA system was
-7 years. The system operates on a 12-volt battery that is rated to last over two years. The instrumentation required
include two sensors (per actuator). The entire SAVA system was mounted from below, without having to impede traffic.
The estimated cost of the system is approximately 7% to 10% of the cost to replace the bridge. The performance of the
system and the integrity of the electronics is routinely checked via a remote monitoring system. The work proved
conclusively that the semiactive vibration absorber system is robust to climate conditions and is inherently safe. A patent
has been awarded (# 5545372) for this technology.

17. KEY WORDS 18._ DISTRIBUTION STATEMENT _ . ) . . .
No restrictions. This publication is available from

The Office of Research, Oklahoma DOT

19. SECURITY CLASSIF. (OF THIS REPORT) 20. SECURITY CLASSIF. (OF THIS PAGE) 21. NO. OF PAGES 22. PRICE
Unclassified Unclassified




PROJECT FINDINGS

Maximum deflections routinely reduced by 60% +
Maximum stressrange routinely reduced by 55% +

SAVA affordsa minimum of 55 years additional safelife
150 years of mean life (per NCHRP-299)

SAVA system ableto beinstalled from below without traffic delays
Bolt up construction smple

Minimum number of components

Only 2 sensorsrequired per actuator

Remote monitoring

Battery power (2 yearsrefresh required)

No painting necessary

System useful for spans from 50 ft to 250 ft
(research now under way to extend to longer spans)

Cost at 8% of replacement cost for typical bridge

Almost all truck suspensionsresonate at or near
one of the fundamental modes of bridge

Impact factorsover 1.8 were found to beroutine for almost all truckstested



PROJECT OVERVIEW

TESTING OF AN INTELLIGENT HIGHWAY BRIDGE
AT THE I-35 WALNUT CREEK BRIDGE

Abstract

The decay of the U.S. bridge infrastructure has prompted a great deal of effort to discover remedies that are cost-
effective. This report describes the concept of an intelligent bridge that is equipped with a controllable muscle that
can be attached to the bridge superstructure (a smart bridge). The system works to increase the load-carrying capacity
of abridge aswell asincrease its service life by decades.

The paper describes afield test of the smart bridge concept. Preliminary results reported here indicate that the
system can effect a’52% reduction of deflection and a commensurate reduction of stress range. The results also suggest
that the system can increase the safe life of the span it is mounted in by over 50 years.

Introduction

There is growing interest in the development of smart, or intelligent transportation systems. While aimost all
of the effort appears to be aimed at providing automatic control of the trajectory of vehicles, there are other pressing
problems that may also benefit from the synthesis of traditional transportation solutions with new and inexpensive
systems that help to promote more intelligent use of the transportation infrastructure.

The U.S. bridge infrastructure is in need of remediation. A recent FHWA Report (1995) on the condition of
bridges paintsadismal picture. The estimated cost to repair/replace deficient bridgesis upwards of $6 billion per year
for 25 years. Faced with that staggering outlay of funds, it makes sense to stop and consider the global picture, and
make an assessment of how to proceed. Seriously deficient bridges are generally replaced. If each of the states were
given enough monies to immediately upgrade their bridges, the impact on commerce would be nightmarish.
Condtruction delays, especially on the interstate highway system, incur a significant cost to the interstate commerce,
as well as a negative cost to communities along those routes that depend on vehicle volume to make local business
viable.

What is desperately needed is an effort to determine alternative prescriptions for the remediation of bridges that
avoid (at least in part) some of the serious negatives associated with the carte blanc replacement of deficient bridge
structures. The Center for Structural Control (CSC) at the University of Oklahoma has been engaged in a program
of research that has produced a working concept for an intelligent bridge.

The feasibility of the system will hinge on two important considerations. First, the cost of the system must be
significantly less than the cost to replace a superstructure. Second, the installation of the system should be
accomplished without impeding traffic significantly. This report recounts the results of aresearch project in which
atechnology was designed, developed and field-tested.

Background

The CSC has developed and field tested a prototype of a bridge vibration control system. The project was

conducted with funds from the National Science Laboratory (NSF), the Oklahoma Department of Transportation



(ODOQT) (with a NCHRP grant from the Federal Highway Administration) and the Oklahoma Center for the
Advancement of Science and Technology (OCAST). The project was initiated in 1993. The system was installed on
an in-service interstate bridge in the Fall of 1996. The ODOT investment in the project (including FHWA match) was
appropriately 390K. NSF funds, to date, exceed 750K and OCAST has committed an additional 250K. The following
paragraphs give a brief summary of the project and the progress achieved to date.

Semiactive Vibration Absorbers (SAVA) for a Bridge

The CSC has spearheaded the design and proof-testing of a new hydraulic control technology that uses simple
hydraulic cylinders and a small valve to regulate the flow of fluid from one chamber to the other when the structure
that the cylinder is attached to induces movement of the piston. By opening and closing the valve at the appropriate
moments, the motion of the structure that is vibrating can be reduced dramatically. The physics of the device and the
analysis that underlies the development of a control policy are discussed at length in the report.

Semiactive structural control represents a hybrid of active and passive control methodologies. The technique
seeksto provide performance levels close to those achieved by an active system, without relying on external power or
pumps to accomplish the design objectives. A semiactive design differsfrom a passive design in that the characteristics
of the system are not fixed as they are in, for example, atuned mass damper system. A most significant distinction
between afully active control system and the SAVA systemis that a SAVA system is inherently stable; it cannot pump
energy into the structure. When two points on a structure move relative to each other, then the SAVA can be used to
resist the motion, and to dissipate the energy in the structure. The piston in the cylinder is outfitted with a system of
rings which were designed to minimize flow |eakage between the two chambersin the piston. Thisfeatureisin sharp
contrast to passive dampers which include specially designed bypass orifices. The only way fluid can be exchanged
between the chambers of the SAV A actuator is by opening the motor-controlled valve. When the valve is closed, the
actuator “locks up”, which produces a temporary stiffness element. Energy is dissipated viathe flow of the viscous
fluid in the actuator through an orifice (the valve) when the valve is open (much like an adjustable shock absorber).
The CSC has developed a low cost valve/motor combination that can rotate a valve under pressure from the fully-
opened to the fully-closed position in 10 milliseconds. The speed of the valve motion plays a significant part in the
effectiveness of the design. It is also important to note that the compressibility of the fluid in the actuator plays an
important and congtructive role in the logical operation of a SAVA. When large forces are present, the fluid responds
like a spring, which can store energy, and which can be used in turn to enhance the motion mitigation of a structure.
The Bridge

The 400' long bridge carries two lanes of north bound traffic on I1-35, which is a national corridor connecting
Mexico (at Laredo, TX) to Canada (at Duluth, MN). The superstructure consists of five continuous girders weighing
126 Ibs/ft., with a54" degp web and 14" flanges. The concrete deck is7%2" thick with reinforcing. The bridge, which
has a skew of 45° is supported by three intermediate concrete piers at 100" intervals. The superstructure includes
diaphragms constructed of lightweight elements located at 20" intervals along the span. The scope of work of the
project called for the accomplishment of three tasks; 1) the modeling and model verification of the bridge, 2) the



design and installation of the SAVA system, and 3) the subsequent monitoring of the smart bridge system
performance.

A system of sensors was first constructed to establish the dynamic character of the entire bridge. Forty-eight
sensors were ingtalled, including 36 accelerometers, 2 string potentiometers, and 10 strain gauges. The long distances
from sensors to the data acquisition system (as much as 600") made it impossible to achieve the goals of this project
with conventional signal conditioning technology. Instead, the research team developed a low-cost frequency
modulation system to convey sensor data to the central processor. The cost per channel for signal conditioning was
approximately $300 (U.S.), which is modest when the long transmission distances are taken into account.

A finite dement model (FEM) of the bridge was developed. The IDEAS® FEM software (by Structural Dynamics
Research Corporation) was selected for the analysis, primarily because of the excellent modal analysis capabilities.
In addition, IDEAS has a state-of-the-art graphics support module which makes it especially easy to illustrate the
system. Themodd consisted of 410 thin shell element, 620 beam elements (including “1”, “T”, and angle), 316 rigid
bars and 74 solid elements. The base model included 811 nodes, requiring 4,800 coupled equations of mation.
Boundary conditions at the support piers were included in a routine manner.

In order to verify the analytical model, experiments were conducted to identify amodal model of the bridge. A
drop hammer was constructed, with an instrumented 350 Ib. head which, when released, would free fall 6'2", creating
an impulsive force of 24 Kpsi. The hammer was dropped at six different locations and the output of the 36
accelerometers was recorded. The test data was then subjected to standard modal test techniques to establish modal
frequencies and mode shapes.

The correspondence between the modal frequencies is exceptional. The test results made it clear that modes
beyond 10 Hz contain only a small percentage of the system’s response energy. Once avalid FEM of the bridge was
established, then atest truck was used to compare the predicted versus actual response of the bridge. The suspension
of the trucks was instrumented and the vibration of the truck chassis was recorded while the truck traversed the bridge
in the right-hand lane. The motion of the bridge was also recorded. Using a standard chassis model for the truck, the
wheel |oads were determined using the recorded data. Those loads were then used as inputs to the model.

While the mode of the bridge was being developed and validated, the CSC team was also engaged in the design
of the basic bridge muscle structure. As the truck proceeds across the span, the output of bridge-mounted sensors
(strain gauges, pressure sensors, and piston displacement sensors) are relayed to a small microcontroller. The datais
then processed to determine how each valve should be adjusted. Much of the research conducted at the CSC has been
aimed at developing appropriate numerical algorithms for the operation of SAVA. The simplest and most effective
technique, developed to date, utilizes a bi-state logic; the valve is throttled between its fully-opened position and fully-
closed position.

Oncethe genera kinematic layout of the actuator was selected, then CSC conducted an in depth design trade-off
study. The study examined the effectiveness and cost implications of the following design variables

* number of actuators (2, 3, 4 or 5)

» placement of actuators



» length between moment arms

e gize of an actuator

» dizeof valving

» fatiguelife of SAVA components
 stroke of the actuator

» dtiffness and weight of assembly
e number and location of sensors

e bandwidth of control electronics
* maintenance and reliability

» fatiguelife of the bridge

A series of increasingly more complex dynamic simulations were used to finalize the SAV A design.
Performance Simulation

The expected effectiveness of the design is best portrayed first by simulating the response of a simple 100" long
girder when atruck with a compliant suspension travels over it. The parameters used in the single-span simulation
were based on the actual structure of the test bridge. The parameters that describe the truck match the characteristics
of atruck that is used to conduct proof tests. (A 5-axle, tractor-trailer, dump truck weighing 80,000 Ibs. with a 34'
wheel base.) The truck was assumed to be traveling at 70 mph (posted speed limit at the test site).

A comparison was performed of the deflection that is expected when, on the one hand, the SAVA system is
mounted and operational and, on the other hand, when no SAVA system isinstalled. The data indicates that the
SAVA can reduce the maximum deflection by approximately 60%. The stresses (or moments) experienced along the
bridge span during dynamic loading are also effected dramatically by the SAVA system. The data indicates that the
SAVA system “flattens’ out the moment curve, producing much lower local stresses.

The simple span simulations are an effective means of demonstrating the basic advantages of the SAVA
design. Additional smulations, using a single continuous girder with four spans (each 100'), were also used to conduct
performance studies. Assuming that a SAV A was mounted on the third span of the structure, and presuming the same
vehicle loading conditions defined above, indicates the effectiveness of the SAVA system. Results depict a 65%
reduction of maximum displacement. Many additional simulations of the full structure performance were conducted
in order to tune the final design. The selected design required the installation of three SAV A actuators, with one
located on the east girder, one on the center girder, and one on the west girder.

Installation and Testing

Subcontracts were awarded for the fabrication of the hydraulic actuators, the extension elements, and the moment
arms. The actuators and extension elements were assembled at the CSC facilities. The installation on the bridge
superstructure was accomplished using monorails and block & tackle systems. A temporary road was installed using
fill from the creek bed. First, holes were drilled to install web stiffeners. Then, holes were carefully drilled in the
flange of one girder at atime. The effectiveness of the design relied, in part, on the ability of the SAVA system to
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transmit forces at a specified moment in time. To that end, the installation required considerable care in the location
and size of the holes drilled in the flanges. The work also relied on the use of tapered bolts and reamed holes, to
guarantee ano-dip condition. Next, the moment arms for the SAV A assembly were traveled into place, hoisted into
position, and bolted.

Following the installation of the moment arms, the actuator/extension assembly was trucked to the site. The
assembly was placed on rollers on amat and dragged to a position under the span (recall that atemporary road was
constructed that made this possible). The assembly was then hooked to the monorail system, traveled to its proper
location, and hoisted into place with chain fall equipment. The process was repeated for each SAVA assembly. Traffic
was never impeded during the construction effort. The installation of the SAVA structural hardware was completed
in 21 continuous working days. Once the mechanical hardware was ingtaled, the CSC team began the task of installing
the computer systems and el ectronic components that were used to produce a smart actuation system. The installed
SAVA system is shown in Photo 1.

Any time alaboratory experiment is scaled up to afull-size demonstration, then there are likely to be problems,
and problemstrandate into project delays. Almost all of the delays incurred were associated with the installation and
proof-testing of the microelectronics. For example, the west facing girder (the bridge runs from south to north)
experienced surface temperatures in excess of 140°F in the summer months. Laboratory grade sensors and signal
conditions are not usually designed for those high temperatures. The team spent a significant amount of time
climatizing the electronics. Nature has a way of testing any design. An intermittent failure off one of the
electronically-controlled valves was traced to a deposit of bird feces on the encoder that was mounted on the valve
motor to sense the valve position. The valve motor assemblies have now been bird-proofed. The project had its share
of software “bugs’ aswell. The reliance on a network of microcontrollersis now a standard...in the laboratory. It
takes a concerted effort to make that architecture foolproof for field applications. The CSC was able to complete and
debug the electronics, and the first calibrated tests of the system were run in November, 1996.

SAVA Test

The test program employed four different trucks. Two of those trucks were instrumented in order to verify the
truck/bridge interaction when passing over the bridge. It isimportant to point out that the bridge SAVA intelligence
system has no & priori information about the truck(s) that passed over the bridge. The SAVA system must function
without any preview or forecast of the truck weight, its speed, its suspension characteristics, or the truck’s vibration
state. (Truck vibrations are amost dways excited by the entrance ramp irregularities.) It is also important to note that
thereisno “one’ bridge modal frequency that ensues once the bridge and truck couple. The response of the bridge to
the truck usually consists of an ensemble of bridge modes, each representing a significant portion of the vibration
energy imparted to the bridge as the truck passes.

A computation of the safe life remaining for the bridge before the SAVA system was installed suggested negative
life. The re-computation of the safe life using data from the SAVA test indicates that, at a minimum, the safe lifeis
extended by 50 years. Themean life extension is also indicated there. The results using the heavier (120K 1b.) truck



also suggest atrade off may be possible between the increase of service life and the permissible load capacity of a bridge
outfitted with a SAVA system.

Thetesting of the syssem is ongoing. The results strongly suggest that the life extension and increased capacity
evidenced in the test reported here are typical. The CSC is now conducting multi-truck tests, and preliminary results
indicate that the designed system affords an approximately 55% reduction of maximum stress range. The open
challenge is to tune the algorithms used in the control to push the present performance closer to the analytical
prediction of a 65% reduction of the stress range.

Discussion and Conclusions

The report provides a preliminary report on the test of an intelligent bridge motion mitigation system. To the
author’ s knowledge, this project demondtrates for the first time the feasibility of a semiactive control system for bridges
and for structures, in general. Theresultsindicate that the concept is technically viable. The cost to install the system
on a generic bridge should represent no more than 15% of the cost (of construction) to replace the superstructure of
the bridge. If the economic costs incurred because of traffic delays are factored in the true cost of the SAV A retrofit
is less than 5% of the economic impact that results when the bridge is replaced. The priceisright.

A patent has been awarded for the new technology and a license has been issued to commercialize the concept.
The CSC is how engaged in the redesign of the assembly to make it possible to tuck the equipment up between the
girdersin order to negate the effects that might threaten the system if a 500+ year flood were to strike the region. The
free board depth below the girder flange isthe driving design variable in thisinstance. The CSC hopes to demonstrate
the “tucked up” design in the fall of 1998.

Project Highlights
1. Using the most conservative truckload data, the SAV A control system produced:

a. a55% reduction of maximum deflections

b. a50% reduction of maximum stress range and

c. a minimum of a 50 year increase in the remaining service life of the span it is mounted on.

2. The research demonstrates that the fundamental chassis modes of al trucks tested were very close to the
fundamental mode of the test bridge (2.5 Hz). An analysis of three additional type 402 plate girder bridges on

[-35, with spans varying from 80 feet to 125 feet, found a similar result. The conclusion is that truck suspension

resonate with these bridges to produce very large levels of impact.

3.  Theingdlation cost of aSAVA system makesit an ided aternative to the replacement of a bridge superstructure.



Photo 1: The I-35S Walnut Creek Bridge with SAVA System Attached
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ABSTRACT

Dynamic testing and modal analysis can provide valuable information on the service behavior and working
performance of the bridge structure. The experimental modal analysis and related theoretic works presented in this
report are part of the principal investigations which were conducted in conjunction with a recently completed research
project - Mitigating Vibration of a Steel Highway Bridge Using Semiactive Control, funded by the Oklahoma
Department of Transportation.

The project was designed to test a new technology; Semiactive Vibration Absorbers (SAVA). These low cost
adjustable shock absorbers, which require no external power were installed on the bridge to increase the service life
and load capacity of the test bridge. The actual performance of the tested system is reviewed in arelated report.

In order to accomplish the project, the Center for Structural Control (CSC) first embarked on an effort to develop
a precise understanding of the test bridges behavior under load. Key to that understanding was the establishment of
arigorous Finite Element Modd (FEM) that could be used to predict the vibratory motion and stresses that result from
the passage of vehicles. The report recounts the various aspects of the research project that were undertaken in order
to produce a high fidelity FEM of the bridge.

Included in the text is a description of a system of sensors that were installed to monitor the motion and strain
through the entire bridge structure. The tests that were conducted to extract the modal signatures of the bridge are also
reviewed. Next, the task of constructing a FEM that was able to mimic the field modal datais discussed. This report
closes with a description of methods that were subsequently employed to reduce the order of the full FEM.

Vi



CHAPTER 1

INTRODUCTION

1.1 Bridgeand Project

The test bridge is located on [-35 at the 92.7 mile marker and crosses Walnut Creek near Purcell, Oklahoma
(Figure1.1). Thebridgewasbuiltin1971. It condsts of five 400" long continuous stedl girders with three intermediate
piers and two abutmentslocated a 100" intervals. The bridge deck is skewed at 45° to the center line of the roadway.
The deck is 38" wide, including two 12' wide lanes of traffic, and has a 10" shoulder adjacent to the inside lane, and
a 4' shoulder adjacent to the outside lane. The five steel girders are covered by the composite concrete deck. The
supergtructure is supported viaagroup of fixed shoes (on the middle pier) and four groups of expansion shoes (on the
other two piers and the two abutments). The girders are equipped with diaphragms at 20" intervals. The diaphragms
are orthogonal to the longitudinal centerline of the bridge. Recent traffic surveys indicate that approximately 18,000
vehicles cross the bridge on an average day.

The ultimate purpose of this project was to install and test an automatically controlled vibration suppression
system on the bridge to mitigate vehicle induced vibration. Three semiactive vibration absorbers (SAVA) were
mounted on the bridge.

Concrete Traffic Direction
South Deck North

] 1
» /ﬂ (/i e vi n/"'r\l\ West Girder
17 17 o
. [ 1 7’/@ v‘i i vi \Aﬁ‘ Center Girder
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Figure 1.1 Superstructure of the Oklahoma 1-35 Walnut Creek Bridge



This report focuses on the modal analysis of the Walnut Creek Bridge. An impact modal test technique was
utilized. The measured impact response was used to identify the modal parameters of the system. The parameters were
then compared to those obtained via afinite element (FE) based model of the structure. The work presented hereis
based in part on the experiments performed in November 1995 on the superstructure of the bridge before the SAVA
system was installed. The results are also based on the data obtained from modal tests conducted after the SAVA
system was mounted on the bridge.

A comprehensive dynamical model of the bridge was first established via the Finite Element Method (FEM).
Next, a Reduced Order Model (ROM) was produced. The report discusses the fidelity of the ROM. The discussion
provides acomparison of the accuracy obtained using various model reduction methods, including Guyan reduction,
Dynamic reduction, Improved Reduction System (IRS), and the Modal Model Reduction Method (MMRM). The
modd produced by the reduction process was then used to generate frequency response functions (FRF), which were
then used to predict the response of the bridge to the truck impact loads.

Experimental modal analysis begins with the measured forced response data (i.e., FRFs) and extracts the modes
of vibration directly from the FRFs without having to make any assumptions about the mass and stiffness distribution.

Experimental modal analysis produces a set of modes defined by frequency, damping, mode shape, and residues.

Certain assumptions and post processing of the data are necessary to calculate modal mass or stiffness.

The process of developing amodal model included the following iterative procedures:

(1) Pretest analysis, using the theoretical FEM to determine optimal locations for sensors and test input actuators;

(2) Modal testing and subsegquent modal analysis, to determine precise modal model parameters;

(3) Correation analysis between the analytical FEM and the experimental modal model to assess the validity of the
FEM; and

(4) Mode updating to tune the analytical FEM. The objective is to improve the modal shape correlation and
orthogonality coefficients, and to equalize the corresponding natural frequencies.

The process repeats itself until the level of correspondence sought is achieved.

1.2 Bridge Modeling and Testing
A finite element based physica modd was established to make it possible to predict, with accuracy, the deflections

and stresses of the structure when subjected to a vehicle load. Experimental modal analysis was employed in order

to:

(1) validatethetheoretica (finite element) model of the bridge. It must be noted that the FEM involved significant
hypotheses. A comparison and correlation of the theoretical prediction with the actual measured response has
lead to a better understanding of the structure;

(2) understand the dynamics of the bridge;

(3) increase the database for the dynamic behavior of similar structures. This is pertinent since there are many
similar bridges built on the Interstate highway. Thus, the database can be used to predict the response of similarly
constructed bridges. Since full-scale tests are extremely expensive, this database represents an invaluable tool

for the evaluation of bridges;



(4) determinetheintegrity of astructure after the occurrence of an overload (for example, an unusually large permit
load). The same approach can also be used to assess the effectiveness of remedial repairs to the bridge;

(5) provideasystematic means of monitoring the health of the structure. Changes, as aresult of deterioration, can
be detected by the variations in the system parameters --- mass, stiffness and damping --- which reflect the
changes in the vibrational response (Results of tests have shown that the size of damage is proportional to the
magnitudes of observed changesin identified system parameters.); and

(6) determine the remaining fatigue life for the bridge.

1.3 Literature Review of Bridge Modal Analysis
Dynamic tests have been conducted on bridges since the late 19th century [1]. Many of the earlier tests were

conducted as a component of safety inspections and involved monitoring bridge vibration. Modern dynamic tests focus

on improving analysis and design procedures so that when new bridges are built, they will exhibit improved vibration
characteristics.

Experimenta dynamic testing is now being conducted on many bridges. Dynamic testing includes an excitation
source and response measurement. Response signals usually consist of acceleration, displacement, strain, etc. Types
of excitation usually include ambient vibration and forced vibration testing. Ambient vibration includes wind, ocean
wave, vehicle traffic, etc. Forced vibration testing includes hydraulic shakers, impact hammer, etc.

1.3.1 Ambient Vibration Testing. Ambient vibration tests are usually conducted on medium to long span
bridges (i.e,, spanislarger than 70 m) [2,3,4]. An extensive experimental investigation has been done on the Golden
Gate Suspension Bridge [5] in order to determine dynamic factors such as: effective damping, three-dimensional mode
shapes and resonant frequencies. The excitation was derived from wind, ocean waves and vehicular traffic. The testing
results demonstrated similarities with the results of both the two- and three-dimensional finite element analysis.

Other modadl tests using traffic inputs have also been reported [2,6]. To accomplish the investigation, a bump was
normally constructed on the bridge deck. An input impulse was produced when a truck passed over the bump. Since
the input force is not monitored, a reference accelerometer was chosen at a location where motion is most likely to
occur for the first few modes, i.e., the reference accelerometer data was treated as the input signal and all other
acceleration data as output signals. A finite element model was constructed using the results of thetest. The lack of
a precise knowledge of the actual input makes this approach to modal testing less reliable than other approaches.

1.3.2 Hydraulic Shaker Testing. Excitation by hydraulic shaker has been found to produce excellent results for
short to medium span bridges (span < 100 m) [3,7,8,9]. One recent example is the reported use of a servo hydraulic
vibration generator to excite the West End Bridge in Berlin, Germany [7]. A 500 kg mass was connected to a hydraulic
ram, which then excited the bridge. The maximum force produced was +5 KN. Three load cells were mounted beneath
the mass block to sense the dynamic force exerted on the structure. The experimental investigation provided the basis
for adjusting a finite element model of the bridge structure to reflect actual behavior. The drawback to this testing
approach is the expense of the equipment required.

1.3.3 Hammer Impact. Hammer impact testing is often used for a shorter bridge with a span <40 m [3,10].
It can, however, be effective for bridges with longer spans also (<150 m). There are two kinds of impact test devices:
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along-arm impact hammer [10] and vertical drop impact hammer [1,3]. Yantha, et al., described the building of a
long-arm hammer which was used to excite a pony-truss bridge [10]. The hammer head had a mass of 20 kg fixed at
the end of a2 m long arm. A force transducer was mounted on the face of the hammer.

Green, et d., [3] have reported successful utilization of an instrumented hammer during the modal identification
of two highway bridges. Impact hammers have been used to excite many small bridges, such as a three span railway
bridge with amain span of 21 m [11], asix span (30 m for each) prestressed concrete bridge [12], and a truss bridge
with amain span of 43 m [13].

1.4 Overview of Chapter.

In this report, a description of moda instrumentation fabricated and installed at the Walnut Creek Bridge isfirst
presented in Chapter 2. The design and construction of the impact hammer used in the modal test are also discussed
in Chapter 2. Chapter 3 recounts the steps involved in the construction of a finite element model of the bridge. The
modal analysis and related results, as well as FEM correction of the project bridge are discussed in Chapter 4. The
procedures used to produce a reduced order model of the bridge are recounted in Chapter 5. Conclusions and

Recommendations are offered in Chapter 6.



CHAPTER 2
SAVA SYSTEMS AND EXPERIMENTAL SETUP

2.1 SAVA System

The kinematic assembly of the each SAVA system on the Walnut Creek Bridge consists of two moment arms,
an automatically adjustable hydraulic actuator, an extension rod, web stiffeners, and connecting components. Three
systems were installed; the east, west, and central bridge girder (W54x142) at the second span from the north
(Figure 2.1). Thelongitudinal center of the SAVA assembly corresponds with the longitudinal center of the girder,
to which it is attached. The designed stroke of each actuator is 6", and the diameter of the piston is 10". The
dimensions of the SAVA components were selected based on a thorough design analysis that relied on supporting
information from simulations using the bridge FEM. The actuators are designed to provide as much as 140 kips of
force, at an operating pressure of 1,800 psi.

The semiactive control device installed on the test bridge was devel oped by the Center for Structural Control at
the University of Oklahoma[14]. A U.S. patent (#5595372) for the system has been awarded. The SAVA actuator
is shown schematically in Figure 2.2. The system is composed of a double action hydraulic cylinder and related
plumbing. A high bandwidth flow (globe) valve (full open to full closed in 10 msec. under load), with a small battery-
powered DC motor is used to regulate the valve orifice opening. The system operates with a pre-charge of 300 psi
(nominal). Oil pressure sensors are provided to detect the pressure level in each cylinder and to indicate the direction
of liquid flow. The system operates without an accumulator. The cylinder of the actuator is installed between the end
of moment arm and the extension rod (Figures 2.1 & 2.2). AnLVDT (Linear Voltage Displacement Transducer) is
included to measure the movement of the piston. The stroke displacement of the piston in the cylinder for an 80,000
Ib. truck load is typically of the order of +3 mm, which corresponds to a maximum vertical deflection at the girder
center of approximately 12 mm.

The design of the SAVA system components emphasizes lightweight construction, ease of installation, minimal
cost and infinite fatigue life (of the SAVA components used). Also, critical to the success of the design was the need
for high stiffness of the SAV A assembly relative to the girder to which it is attached. A stiff assembly was needed to
assure the timely transmission of forces.

Table 2.1 lists the dynamic parameters (mass and effective stiffness) associated with each of the structural parts
of the SAVA assambly. The total weight of the three devices is approximately 22,100 Ib., which in effect adds about
5.8 Ib./4f. to the span in which the SAVA areingtalled. The massratio of the three semiactive assembliesto the bridge
superstructure is 5.5/134 = 4.1% (Table 2.2). An analysis of the combined system (bridge plus SAVA) indicates that
the equivalent stiffness of the first mode of the bridge is increased to 231,000 Ibf./in from the original first mode
stiffness of 194,600 Ibf./in.



Figure 2.1 Kinematic Assembly of the Semiactive Control System on the Walnut Creek Bridge
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Figure 2.2 A Semiactive Control Device on the Walnut Creek Bridge

Table 2.1 Structural Partsfor the SAVA Control Assemblies

Name of Elements

Moment Arm
Mounting Block
Pin

Connect Block

Actuator (East)
(West)
(Center)
Extension (East)
(West)
(Center)

Stiffener

No.

6
12
6

[

24

Weight/Piece (Ibs.)

987.2
30.8
16.0
41.8

618.0
628.8
874.3

(3672+165.8)
(3672+165.8)
(3672+231.2)

72.9

Effective Stiffness (Ibf./inch?)
6.0 x 10° on deflection

3.69 x 10° on axia deformation



Table 2.2 Evaluation of the Mass on the Four spans Superstructur e of the Walnut Creek Bridge

Material Weight and Area
Structural Steel 392,500 Ib.
Reinforcing Steel 120,280 Ib.
Class #AA Concrete 426.2 yd® x 3934 |bs./lyd® = 1,676,700 Ib.
Weight of the Entire Superstructure 2,189,480 Ib.
Total Square Foot of the Superstructure 15,980 ft?
The Mass per Square Foot 137 lbs./ft?

The operation of the actuator is fairly simple, with two general working conditions. When the control valveis
open fully, the actuator acts like a standard shock absorber. The resistance to the flow of fluid through the valve orifice
dissipates the vibration energy. When the valve is closed, then the fluid in the actuator acts like a stiff spring
(Figure 2.3). The fluid (spring), compressed by the deflection of the bridge structure, provides an energy storage
device. The operation of the SAVA under adynamic load conssts of the judicious addition of stiffness and or damping
to the bridge superstructure during the passage of a heavy truck. The details of the control system operation are

provided in an associated report.

Figure 2.3 Model Showing the Elasticity of the Fluid/Air Mix in the Cylinder

when the Control Valveis Closed
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2.2 Sensor Layout and Testing Configuration

The work plan at the Walnut Creek Bridge required the multi-year monitoring of the bridge to determine the
effectiveness of the SAVA system mounted on the bridge. The unique nature of the project, and the long term
monitoring requirement, made it essential to develop a modal test system that could be relied on for highly precise
measurements of the structure vibration over the life time of the project (approximately 4 years). The monitoring
sensors cond <t of 36 piezoresistive accelerometers, 18 strain gauges, 6 absolute pressure sensors, and 5 displacement
transducers (LVDTs and string pots). The acceleration data is used exclusively to obtain the dynamic properties of
the bridge structure and to conduct the modal analysis. Strain gauge outputs were used to establish the stressin
members, the deflection of the supersiructure, and the location of the neutral axis of the girders. That information was
typically stored and post-processed for evaluation. The output from at least five of the strain gauges are used in the
feedback control system (discussed in ardated report). The LVDTSs, which are mounted on the SAV A actuators, sense
the red time displacement of the hydraulic piston, which is subsequently used for control purposes. Specifications of
each type of sensor are shown in Table 2.3. Accelerometers, strain gauges and string pots were placed on the bottom
flange of the stedl girders. Four additional channels of strain gauges were mounted on the head of the impact hammer.
The geometric arrangement of 36 channels of accelerometers and the hammer drop locations are presented in
Figure 2.4 and described in Table 2.4.

A key consderation in the development of the sensor system was the environmental conditions at the bridge site.
Theintegrity of the components had to be assured in spite of the seasonal temperature changes. The temperature of
the west facing girder had been recorded at over 140 °F in mid August, and the joints in the concrete deck allow
torrents of rain run off to soak the surfaces of the girder during the storm conditions. In order to protect sensor circuits
from high temperatures and moisture, PV C pipe was glued to the web of the girder with epoxy. Heat insulation
material was included in the pipe in order to reduce heat to transfer to the sensor and circuit. Moisture absorbing

material was also added to each sensor cell to keep the circuits dry.
Table 2.3 Specification of Sensors

Accelerometer s (36 locations)

Maximum Response Excitation Voltage Frequency Response
+1.0g +5.0V 1060KHz

Strain Gauges (18 locations)

Resistance Gauge factor Kt Lot No.
350.0+0.015% ohms 2.105+0.5% (+0.4£0.2)% R-A56AD90

String pots (2 locations)

M easurement Range Acceleration Excitation Voltage Temperature Range

0-2 inches 49 10Volts -67 t0 250 °F
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24 23 22 21 20 19 18 17 16 15 14 13
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Figure2.4 Sensor Channels Layout and Hammer Impact L ocations

Table 2.4 Accelerometer’s Channel Number via Bridge Geometry, and L ocations of Impact Hammer
(c=center girder, e=east girder, w=west girder; the number followed indicates
the distance (ft.) from the north end of bridge)

Channel Location Channel Location Channel Location Hammer Drop
Number Number Number Locations
1 c, 33 13 w, 33 25 e 33 e, 150
2 c, 50 14 w, 50 26 e, 50 e, 250
3 c, 67 15 w, 67 27 e 67 c, 150
4 c, 133 16 w, 133 28 e 133 c, 250
5 c, 150 17 w, 150 29 e, 150 w, 150
6 c, 167 18 w, 167 30 e, 167 w, 250
7 c, 233 19 w, 233 31 e 233
8 c, 250 20 w, 250 32 e, 250
9 c, 267 21 w, 267 33 e, 267
10 c, 333 22 w, 333 34 e 333
11 c, 350 23 w, 350 35 e, 350
12 c, 367 24 w, 367 36 e, 367
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2.3 Impact Hammer

Modal testing of a structure consists of measuring the
dynamic response to gpplied loading. The applied loading may
be either deterministic (e.g., shaker, impact hammer) or
random (e.g., ambient vibration). Ambient vibration methods
have been found appropriate for medium to long span bridges
(spans >70m) [1,2,4]; excitation via a shaker has been found
to produce the best results for short to medium span bridges
(spans <100m) [1,3,8,9]; and impact methods produced the
best results for bridges with intermediate spans,
50m<span<150m [2,3,10]. There are two types of impact
hammers used on the bridge modal test: the drop hammer [1,3]
and the long-arm impact hammer [10]. A drop hammer was
built and employed to excite the test bridge.

The easiest way of inducing an impact on a structure is by
using an instrumented hammer or a suspended mass to deliver
blows to the bridge. The impulse delivered to the bridge can
be varied either by changing the mass of the impact device or
by changing the drop height. The impact frequency range
(bandwidth) can also be varied by changing the hammer type.
The impulse function consists of a short duration broad-band
spectrum. The width of the impulse function determines the
frequency content, while the height and shape control the
energy level of the spectrum. Impulse testing is susceptible to
input noise, since the input force is applied over a short period
of time compared to the record length of the measured
response.

Figure 2.5 is the drawing of the drop hammer. Two
vertical bars are fixed on the top and bottom frames. The
hammer mass is attached to two sliding bearings, and the
bearings move along the vertical bars. The drop mass is
composed of six steel blocks, one weighs 100 Ib. and the
remaining five weigh 50 Ib. The load cell, which weighs 40
Ib., is bolted to the face of the drop mass. During impact, the
force acting on the load cell is detected by strain gauges.

Figure 2.6 depicts the impact force when the hammer is

11
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dropped from aheight of 62". The peak impact forceisover 24,000 Ibf. Figure 2.7 is the experimental auto-spectrum
of theimpact force. In the frequency range of interest (below than 20 Hz), the impact force spectrum is essentially flat
with a maximum variation of less than 5 decibels (db). Impact hammer performance is typically restrained by the
presence of arebound impact. It isvirtually impossible to avoid the second rebound, but it is possible to design an
impact cushion that reduces the amplitude of the rebound and maximizes the time between the principal impulse and
the second rebound. Examining Figure 2.6, it is clear that we successfully minimized the effect of rebound. The team
spent some time trying various materials to cushion the impact, including viscoelastic material, and a polyurethane
form. The best results were obtained using a sand filled rubber bladder (a hot water bottle that is commercially

availablein any typical drug store).
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Figure 2.6 Hammer Impact Time Figure 2.7 Auto-spectrum of Hammer Impact
History

2.4 Signal Conditioning

The acquisition of data from distant points on the bridge posed a severe problem. Conventional methods require
the detection of a sensor voltage output which is usually proportional to the measurement (e.g., 1 VVolt equals 200 psi).
Thelong wires represent a large resistance which reduces the voltage signal. Thisis a problem because many of the
sensors are located as much as 600 ft from the data acquisition system. One possible alternative is to transmit the data
from each of the sensors using wirelesstechnology. That approach is prohibitively expensive, given the large number
of sensorsinvolved. The CSC instead, developed an economical solution that relies on FM technology. The voltage
output at a sensor wasfirst converted to a proportional carrier frequency. While the voltage of the signal is subject to
amplitudeloss, the carrier frequency remains undistorted. The data acquisition system then demodulated the signal,
to determine the actual voltage output of the sensor. The technique produces error free readings. The CSC produced

printed circuit boards (PCB) to accomplish the design, which was based on analog devices AD650 F/M chip.



The following diagram (Figure 2.8) shows how the original signals are transferred and conditioned when the

modal test is on going.

Strain Gaouges O— IAmpllfier Converter of
i String Pots O——/ Sensor & Power —| Voltage to
: Accelerometers (O———| Reference Frequency

Long Cables

Converter of — PC Bosed
- Frequency to — Multiplexer Data Acquisition
Voltage System

Figure 2.8 Signal Conditioning Network

A 64 channel PC-based data acquisition system was also installed on the test bridge. The system is capable of
acquiring data from al 64 channels at a 500Hz sample rate. Data post-processing was conducted using PC Matlab™
on site, while a SUN Sparc station 20 was used for the off-line data analysis with SDRC |-DEAS™-TEST software.

25 SDRC |-DEAS™ Test Software

I-DEAS™ is an integrated package of mechanical and civil engineering software, mainly used for product design
and structural analysis, as well as other applications. Many postprocessing tasks for this project were completed by
using I-DEAS™-TEST software, including the processing of test data, mode shape analysis, the analytical correlation
between afinite element and experimental modal model, and fatigue evaluation.

The time-domain signal's, acquired from the modal tests, were transferred into the I-DEAS™-TEST system using
universal files. Transfer functions between acceleration outputs and hammer input were calculated via Signal
Processing software. Test-Moda Analysis provided several modal analysis methods such as SDOF (Single Degree of
Freedom), Complex Modal Analysis, Parameter Direct, and Multi-Reference Analysis. In this project, a direct
parameter technique was adopted to conduct the bridge modal analysis. This method identifies closely spaced modes
with very high accuracy, and gives the bridge modal shapes, frequencies, modal damping, modal mass and stiffness.



2.6 Testing Procedure

The process of conducting a modal analysis is generally composed of three phases: (1) test preparation and
system setup, (2) time and frequency response measurements, and (3) signal processing and modal parameter
identification. Finite element simulations are also conducted for comparison as a reference and to help in the modal
identification effort.

The modal tests on the Walnut Creek Bridge were performed several times. Two major tests events were
conducted: (1) November 1995--on the superstructure of the bridge without the SAVA assemblies installed, and
(2) July 1996--with the SAVA assemblies mounted on the bridge girders. During the field tests, The Oklahoma
Department of Transportation (ODOT) provided traffic control. The impact hammer was moved to six test locations
on the bridge deck and dropped three times at each position. Radio communication was utilized by the different teams
involved inthework. Bridge impact response and hammer input signals were recorded. On-site modal analysis was
then conducted by using PC MATLAB™.

14



CHAPTER 3
FINITE ELEMENT MODELING

3.1 Bridge FE Model (FEM)

A comprehensive FEM of the bridge was devel oped to establish a basealine for the work. The model was used to
predict dynamic parameters, including the natural frequencies, mode shapes, modal mass and modal stiffness, modal
damping, and to calculate stress range and deflections of the bridge structure in response to vehicular loads. Original
drawings of the bridge, as well as field measurements were used to determine the physical parameters of the model.
The |-DEAS™ analysis software, produced by Structural Dynamics Research Corporation (SDRC) was used to
construct the model on a SUN Sparc 20 workstation.

The model was composed of 620 beam elements (shaped I, T, and Angle), 410 thin shell elements, 316 bar
elements, and 74 solid elements (Figure 3.1). A total of 1,420 elements were employed. The assembled model
consisted of 811 nodes, with over 4000 degrees-of-freedom (DOFs). Once the model was completed, it was used to
conduct the dynamic simulations of the structure response to various truck loadings.

Asan dternative, a PC-based FEM was built in “C” Language which had 85 nodes, 128 2-D beam elements, and
145 DOFs. This model is designed to correspond to the setup of the modal test system on the Walnut Creek Bridge
(Figures2.3 & 3.2). That reduced order model was developed in order to make it possible to process field data at the
site. Thefield evaluation of data made it possible to pinpoint and repair problems with the data acquisition setup.

Figure 3.1 Full Finite Element Model of the Bridge Superstructure
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Beam 4 Test Sensors

Beam 5

Figure 3.2 Low Order FE Modd of the Bridge Super structure

A second FEM of the bridge with the SAVA system attached was also developed (Figure 3.3). The bridge/SAVA
modd was used to smulate the response of the combined bridge/SAVA/truck system. The model with three semiactive
assemblies was composed of 5,226 elements and 5,505 nodes. In this case, the element mesh for the bridge girder, in
the vicinity of the control assembly, was made very fine for the purpose of examining the stress and strain pattern and
the dynamic response of the connecting bolts, the girder bottom flange, the web stiffeners, and the moment arm top

plates.
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Figure 3.3 Finite Element Modeling of the Semiactive Control Assembly

The principles that underlie the modal analysis are reviewed next.

3.2 Bridge Dynamic Response Simulation

A generic model that represents the dynamic equations of the bridge/truck system was first derived using

Newton’s Laws. The dynamics take the following form

[MIX +[C]x +[K]x = F (3.1)

here [M], [C], [K] are the global mass, damping and stiffness matrices, and X,X and x are the global nodal
acceleration, velocity and displacement vectors, respectively. F is the external nodal force vector.

The nodal (physical) coordinate response is assumed to be representable using the following transformation

N
X = 21 ¢Ir qr (3-2)

where x is the vector of displacements (and rotations); ¢ is the modal transformation (determined by analysis from the
modal response) and {, is the modal amplitude.

The acceleration response can be written as

N
X = -3 &y 0 0 (3.3)
r=1

where, w, isthe frequency of the r-th mode.

As an example, the impact signal input used on the bridge modal test at point p, can be presented by

F = [0,..0,....f (),0,..0]7 (3.4)
where fp((o) is the impact force acting at point p.
The modal force can be expressed as
Fro = &y fp(w) (3.5)

Substituting Equations 3.2, 3.3 and 3.5 into Equation 3.1, we can deduce
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e N _ N N ) (3.6)
w [M]g(bnqr + Jmlc]g(bnqr + [K]g(bnqr = ¢pfp

If proportional damping is assumed, and considering the mode/mass and mode/stiffness orthogonality, then the

decoupled modal response of acceleration at point | is

N Td f w2
g - Bbhe

3.7
-1 Kk, —0’m, +jwc, (3.7

and, the transfer function between acceleration (output) at point | and the impact (input) at point p can be expressed as

N T 2
Hylw) = - Y drde (38)

2 .
r-1 K,-wm, +jwc,

Usually only the first few lower modes are employed to calculate the system dynamic response. Higher modes
contribute little to the structure. In order to compensate the truncated models, aresidual flexibility will be introduced, and
Equation 3.8 can be written as
Ne A,0°

Hlp(('-)) = Z

+H 39
1o -6+ 28w, @ ¢ (39)

where, Alp = (|)Ir (I)pr/ m,; H ¢ Isthetruncated model transfer function. N, isthe number of the truncated modes.
The acceleration residual of the bridge system can then be expressed as
The proceeding relationships are employed in the analysis described next.

3.3 Test Transfer Functions
An accurate estimation of atransfer function from experimental datais essential for successful modal analysis. Bridge

modad frequency and mode shape are directly obtained from modal transfer functions. Figure 3.4 presents a system diagram

that will help to explain the formation of the test transfer function, which is essential to the construction of mode shapes.
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Figure 3.4 Bridge Signal Input and Output System

For the test-based modal analysis, the discrete Fourier transform is needed, in which the time-varying quantities can

be described as a set of sinusoids, and transformed into a set of frequency components.

Asmentioned in Chapter 2, the bridge modal test produced 36 channels of time responses and 1 channel of impact

input. Using Fourier transform theory, the following equations relate the excitation and the response to these 36 channels;

S (@) =|H(w) PS¢ (w)
S () = H(w) S (w)

Sy (@) = H(w) S (w)

(3.11)

where, S, (w) are the auto spectrum of a channel response, S; (w) are the auto spectrum of the impact input, and S;; (w)

= S; (w) are the cross spectrum between these two signals. H (w) is the function estimate linking the quantities x(t)

(output) and F(t) (input). Detailed definition can be obtained from References [15,16].

An experimental transfer function for atest can be calculated using

S (w)
H =
(@) Sy ()
or
S (w)
H =
2(®) Sy (w)
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The quality of the measurement and its processing can be estimated by the coherence r?, which is expressed by

r2 = H, (@) / H, (o) (3.14)

If al iswell with the measurement, the coherence should be close to unity.
There are severa stuations in which an imperfect measurement might be made and a low coherence recorded. Noise
in one or another of the inputs or outputs is an important consideration (Figure 3.4), because it can degrade the measured

spectra. Considering the noise (Figure 3.4), then the transfer functions in Equations (3.12) and (3.13) will be rewritten as

Six (@) S, (@)
H, (@) = _
() S (@) +S,, (w) Sy () (1+S,, (0)/Sy(w)) (3.15)
SXX (m) +Smm (m) Sxx (m)(l"'smm(m)lsxx(m))
el 7 ] (3.16)

S, (w) S, (w)

Then, the H,(w) will suffer most if there is noise included in the input signal, while the H,(w) might be better. On
the other hand, if the noise isinvolved with the output, H,(w) will be worse, while H;(w) might be better. If the nature of

the noise is unknown, then the following algebraic average is recommended to minimize the errors

(3.17)

3.4 FE Simulation versus Testing

3.4.1 Impact Response. Once the bridge FEM is established, the modal solution of the bridge can be obtained via
simulation. For this project, 40 fundamental modes were calculated and chosen to compute the response to the impact force.
They were compared with the modal test results by using the measured impact force as the analytical input. Figures 3.5 and
3.6 indicate a very close match between the simulation and testing. The theoretical curves shown in Figures 3.7 and 3.8

are the transfer functions calculated from Equation 3.9, while the testing results are analyzed based on Equation 3.13.
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3.4.2 Traffic Response. The iterative correlation between the FEM and modal test data provides a reliable means
of tunning the analytical model (FEM) of the bridge. Once the FEM matched the experimental data, simulations of the
response of the bridge to various truck loads were made. The simulated response and the measured test response is shown

in Figure (4.7).
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Figure 3.9 Simulations of Responseto Various Truck Loading at 65 mph

Thefull FEM isfar too large dimensionally to be of use in adesign synthesis. The methods used to produce a more

practical reduced order model of the bridge are reviewed next.
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CHAPTER 4
MODAL ANALYSISOF HIGHWAY BRIDGE

4.1 Introduction

Modal analysis has been used for several decades to determine the dynamics of structures [17]. Many modal
analysis methods, such as SDOF (Single Degree-of-Freedom) curve fitting, circle fitting, complex exponential, direct
parameter and ployreference techniques, have been developed [20, 47-49].

In this project, the direct parameter technique and multi-DOF (Degrees-of-Freedom) Real Modal Analysis
Technique [50-52] were used to obtain the bridge modal parameters. The direct parameter technique relies on a
frequency domain curve-fitting algorithm. Thisisamulti-DOF technique in which multiple output response functions,
produced by a single input of the drop hammer, are post-processed to obtain a global least squares estimate of the modal
properties of the bridge. Because it is a frequency domain method, it inherently accounts for the effects of residual
modes during the estimation process. The agorithmisvery useful for accurately defining closely spaced modes within
a narrow frequency range. Since it works directly on the spectrain the frequency domain, it can account for modes
outside the frequency range of interest aswell. The direct parameter technique isimplemented in SDRC |-DEAS™
post-processing software.

The Multi-DOF real modal analysis automatically identifies both the real and the imaginary part of test transfer
functions. The method is simple and easy to use. A review of the method is described first. The test then provides
a comparison of the analytical and experimental data.

4.2 Direct Parameter Modal Analysis

Recall that the equations of motion for the bridge have the following form

MX + CX + KX = F 4.1)

Here M is the mass matrix, C is an equivalent damping matrix, K is the stiffness matrix, and F represents the
dynamic input from the truck and gravity loads.

The impulse response H(t), which occurs when the structure is excited by adirect impulse at one input point,
can be expressed as [38]

H(t) = PeAlL (4.2

where, ¥ isthe complex moda matrix; A isthe eigenvalue matrix; and L isthe modal participation factor. Modal
participation factors are the weighing factors for different modes[18]. Physically, these factors indicate the extent to
which a particular input excites each of the modes.

The representation of the displacement response in the Laplace domain can be derived by transforming
Equation (4.2)
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H(s) = P(SI-A)1L = PT(y 4.3
where, T(s) = (SI -A)'L
The Laplace transform of the derivative of the impulse response is
L|H(t)| = SH(S) - H(t) |, ., = SH(s) - L (4.4)

Combining Equations (4.3) and (4.4), the following matrix equation is produced

H(s) 0 4

SH(s) ~ ¥L - wA 'S (4-5)

For the eigenvalue matrix A and eigenvector matrix ¥, a square non-trivial complex matrix A, exists such that

AY¥ + YA =0 (4.6)

Thematrix A, isreferred to system matrix (in physical coordinates) and contains information characterizing the
complete set of modal parameters of the structural system. The desired modal frequency and damping ratio are
determined from the eigenval ues of the system matrix A,. The frequency is

o = Re(A)?+Im(A)* (r=12.,n) 4.7)

5

where , are the eigenvalues ( complex) associated with each of the r nodes,

The damping ratio is

E - Re(A,)/w (4.8)

Equation (4.6) can be rewritten as

[A, 1] TTA =0 (4.9

Multiplying Equation (4.9) by T(s) then yields

[A, 1] gp T =0 (4.10)

Substitution of Equation (4.5) into Equation (4.10) yields
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H(s)

[Av 1T she ~wL

=0

Defining B, = ¥ L, where B, isanx 1 matrix. Then, Equation (4.11) can be rewritten as

A, H(s) = -SH(s) + B,

Letting s = jw, Equation (4.12) can be expressed as

AjH(w) = -joH(jw) + B

Consider N modal frequenciesat w = w,, w,,...,®,, then, Equation (4.13) can then be written as

AlHle) = —j:(olH(j: w,) + B
A H(lw) = -jo,H(jw,) + B,

A/H(wy) = -joyH(jwy) + B,

or in vector matrix form

. . . -jo,
H(lw,) H(w,) .. H(w) i
A BT S HGw) Hw) . Hieg]
1 2 N o
_JmN

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

This expression indicates that the impulse response measurement data H and w can be described by a model

whichislinear intheunknown A, and B;. Equation (4.15) can be solved using aleast-squares technique. After A,

and B, aredetermined, then A, is substituted into Equation (4.6) and the eigenvectors are determined directly.

The dilemmawith the formulation of the Direct Parameter Estimation technique is that the size of the matrix is

equal to twice the number of physical DOF (or coordinates on the structure for a complex mode). However, for the

bridge structure, only the first few modes are of interest. The Principal Response Analysis [19] is one of the techniques

used to reduce a large number of physical coordinates to a smaller number of principal coordinates.

For N measurement points and one input point, the transfer function H isN x 1 matrix. H can be reduced into

H’. Thatis, atransformation matrix Q exists which satisfies

H'(jw) = QH(jw)
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Let R beamatrix of m response functions (in physical coordinates) defined for N frequencies. Each row of R
isafreguency response function over the frequency range of w, < w=< wy. The Principal Response Analysis technique

involves performing an eigen-decomposition as follows

RRT = PDPT (4.17)

where D isadiagonal N x N matrix of real singular values or eigenvalues. Selecting the m largest singular values
and corresponding singular vectors yields the rectangular m x N matrix Q in Equation (4.16). H’ will be used to
calculate A, andB, in Equation (4.15).
The Direct Parameter Estimation technique can be summarized as follows:
(1) Sdect the frequency response data points by band selection or other criteria, then construct the measured transfer
function matrix;
(2) Determine the minimum realization system matrix by singular-value decomposition and Principal Response
Analysis; and
(3) Solve the eigenvalue problem to obtain modal frequencies, damping ratios and modal shapes.
4.3 Multi-DOF Real Modal Analysis
For the steel bridge structure, the damping is relatively small (less than 3%), so real modal analysis theory can
be directly used to analyze the bridge modal model and response. The transfer function between response point at |

and input point at p can be written as

N
1
H -
p(®) rZ; K@) + 22 &] (4.18)

where K, isthe effective stiffness for the r-th mode; w, is the r-th mode frequency ratio

w

® =
" e, (4.19)
and, the damping ratio is expressed by
Cr
g = IM. © (4.20)

The transfer function in Equation (4.18) can be rewritten as a composition of the real and the imaginary parts
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i 1 1- (‘)2 +j _ZEr (T)r
= (1 —0)? + (6 @) (1-@)? + (28 @) (4.21)

= H(w) +jH) (@)

where, ng(m) and Hl'p((o) are the real part and the imaginary part of the transfer function, respectively, and are

written as

—2

Nooq 1-w
- 4. 22
Hip () ; <. (1_mr)2 (2t (T)r)z] ( )
_ 1 _ZEr (T)r
Xk, L@@ 2gay (4.2

At the r-th mode, thereal part of the transfer function ng(mr) =0 and the magnitude of the transfer function
at w, istheimaginary part of the transfer function. The imaginary part of the transfer function at different points on
the bridge defines the r-th mode shape.

4.4 Test Resultsand FE Simulation

Asmentioned in Chapter 2, 36 channels of accelerometer output and one channel of load cell signal (input) were
recorded during each modal test. The input and output signals were analyzed by using either PC Matlab™ or
Workstation SDRC I-DEAS™. Inthe I-DEAS, transfer functions, mode shapes, and modal parameters were obtained
using the Modal Testing-Signal Processing package. The results from the both methods are exactly the same.

The modal tests were conducted in three stages:

Stage 1: Original bridge construction without the SAV A control system attached;
Stage 2: Bridge with the SAVA control system attached with the control valves opened; and
Stage 3: Bridge with the SAV A control system attached with the control valves closed.

The data capture was started just prior to the impact of the hammer. A sample length for a single output consisted
of 4,096 points. The frequency resolution was calculated by dividing the sample rate by the sample length, 512/4,096
=0.125Hz. Thisresolution is considered sufficient for the work conducted here. In fact, the differences observed in
the higher modes of the modal results from Stage 1 to Stage 3 were so small (on the order of 0.1 Hz) that some steps
were taken to artificially increase the resolution of the test data by padding out the time histories.

4.4.1 Timeand Frequency Domain Results. All of the results (figures and tables) illustrated here include the

three testing cases mentioned above. The experimental system and test environment were repeated for each of the three
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modal tests. Figures4.1 and 4.2 present some of the time domain responses of the acceleration at various points on
the bridge. Figure 4.3 gives the corresponding frequency responses (transfer functions).

The time responses shown in Figures 4.1 and 4.2 indicate that the three different tests produced data that has
similar frequency content but that the amplitude did change substantially from test to test. The transfer functions
depicted in Figure 4.3 indicate that the addition of the control hardware does effect the amplitude of the response. It
is clear that the SAVA control system produces significant reduction of certain modes. It isworth noting that the
primary modal content is clearly a function of where the sensor is located.

Tables 4.1-4.3 are the mode shapes of the first eight vibrating modes post-processed from the modal test.
Tables 4.4-4.6 present the same orders of mode shape obtained by finite element simulation. Although the difference
on frequency from stage to stage is obvious, the mode shapes show no significant variation. Table 4.7 isalist of the
modal frequencies for each of the three test stages. The longest change of frequency was less than 4%. The results
suggest that it is not necessary to establish the natural properties of the bridge when doing semiactive control.
Table4.8 lists the expected variation in each mode frequency based on the analytical model. Table 4.9 lists the test
modal damping of the bridge structure. It can be seen that the damping of this bridge structure is relatively small (less
than 2.5%), and that the damping ratio increased with the installation of the semiactive control dampers.
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10 Transfer Functions of Channel 23 vs. Input Location e250
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4.4.2 Test Mode Shape (Table4.1, Table 4.2, and Table 4.3)

Table4.1 Test Mode Shapes of the Original Bridge Superstructure
with No Control DevicesInstalled (Tested in 1995)

First Mode, Freg. = 2.502 Hz Second Mode, Freg. = 3.021 Hz
Third Mode, Freg. = 3.204 Hz Fourth Mode, Freq. = 3.571 Hz
Fifth Mode, Freq. = 3.845 Hz Sixth Mode, Freq. = 4.211 Hz
Seventh Mode, Freq. = 4.517 Hz Eighth Mode, Freg. = 4.761 Hz
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Table 4.2 Test Mode Shapes of the Bridge Superstructure
with Control Devices Installed and Valves Opened

____________________________________________________________________
T e
e T
T
""""" Seventh Mode, Freq. = 4.563Hz " Eighth Mode, Freq, = 4.781Hz
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Table 4.3 Test Mode Shapes of the Bridge Super structure
with Control Devices Installed and Valves Closed

First Mode, Frequency = 2.594 Hz Second Mode, Frequency = 3.120 Hz
Third mode, Frequency = 3.310 Hz Fourth Mode, Frequency = 3.660 Hz
Fifth Mode, Frequency = 3.938 Hz Sixth Mode, Frequency = 4.281 Hz

Seventh Mode, Frequency =4.594 Hz Eighth Mode, Frequency = 4.813 Hz



4.4.3 Simulated Mode Shapes (Table 4.4, Table 4.5, and Table 4.6).

Table 4.4 FE Mode Shapes of the Original Bridge Superstructure
with No Control Devices I nstalled

First Mode, Freg. = 2.522 Hz Second Mode, Freg. = 2.938 Hz
Third Mode, Freq. = 3.288 Hz Fourth Mode, Freg. = 3.626 Hz
Fifth Mode, Freg. = 3.915 Hz Sixth Mode, Freg. = 4.346 Hz

Seventh Mode, Freg. = 4.483Hz Eighth Mode, Freq. = 4.674 Hz
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Table 4.5 FE Mode Shapes of the Bridge Superstructure
with Control Devices Installed and Valves Opened

First Mode, Freq. = 2.533 Hz Second Mode, Freg. = 2.992 Hz
Third Mode, Freg. = 3.295 Hz Fourth Mode, Freg. = 3.628 Hz
Fifth Mode, Freg. = 3.927 Hz Sixth Mode, Freq. = 4.349 Hz
Seventh Mode, Freg. = 4.49 Hz Eighth Mode, Freg. = 4.676 Hz
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Table 4.6 FE Mode Shapes of the Bridge Superstructure
with Control Devices Installed and Valves Closed

........................................................................................................................................

____________ B
B
e e
"""""" Seventh Mode, Freq. = 455Hz " Eighth Mode, Freq. = 4694 Hz
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Table4.7 Comparison of the Natural Freguencies from Experimental Modal Tests (Hz)

Test Cases, Case 1, Case 2, Case 3, Case?2 Case 3 Case 3
and Original Structurewith | Structurewith VS. VS. VS.
No. of Bridge SAVA, Valves | SAVA Valves Casel Casel Case?
Frequency Structure Open Closed (%) (%) (%)
1 2.502 2.563 2.594 244 3.68 121
2 3.021 3.080 3.120 1.95 3.28 1.30
3 3.204 3.250 3.310 1.43 331 1.85
4 3571 3.625 3.660 151 249 0.96
5 3.845 3.875 3.938 0.78 242 1.63
6 4.211 4.250 4.281 0.93 1.66 0.73
7 4517 4.563 4.594 1.02 1.70 0.68
8 4.761 4.781 4.813 0.42 1.09 0.67
9 5.001 5.025 5.050 0.48 0.98 0.51
10 5.525 5.625 5.660 181 244 0.62
11 7.625 7.750 7.760 1.64 177 0.13
12 8.101 8.150 8.200 0.60 1.22 0.61
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Table 4.8 Natural Frequenciesfrom Finite Element Simulation (Hz)

Simulation Case Case 1, Original Case 2, with SAVA, Case 3, with SAVA Valves

and No. of Mode Bridge Structure Valves Open Closed
1 2.522 2.535 2.592
2 2.938 2.992 3.056
3 3.288 3.295 3.334
4 3.626 3.628 3.645
5 3.915 3.927 3.994
6 4.346 4.349 4.391
7 4.483 4.490 4.550
8 4.674 4.676 4.694
9 4934 5.012 5.120
10 5.517 5.630 5.700
11 7.548 7.625 7.760
12 8.132 8.250 8.310
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Table 4.9 Modal Damping Ratios Obtained from Modal Test

No. of Modes Original Structure With Controller, With Controller,
(Test in 1995) Valves Open Valves Closed
1 0.024 0.026 0.030
2 0.014 0.021 0.024
3 0.016 0.035 0.035
4 0.018 0.023 0.028
5 0.014 0.017 0.019
6 0.014 0.025 0.025
7 0.022 0.025 0.027
8 0.025 0.028 0.031

The results shown above indicate that when the SAVA system isinstalled to the bridge, the mass and stiffness
of the coupled system are increased when compared with the original system; therefore, the frequency and
magnitude changed. The control system hardware, however, apparently weighs so little relative to the weight of
the bridge superstructure, that it effects the signature of the bridge only minutely. The SAVA system has the
potential function on mitigating the bridge vibration, but without significant variations on the bridge service
behavior.

The proceeding results lead to the following conclusions:

(1) The correspondence between the theoretical simulation and the measured mode shapes and modal frequencies
indicates that the finite element modal model is an accurate representation of the bridge.

(2) The addition of the SAVA hardware produces very little change in the modal frequencies of the base bridge.
Reductions in base bridge modal amplitudes indicate that the uncontrolled (open valve) SAVA adds damping
to the structure. The observation to be made here is that should the closed loop SAVA hardware cease to
function, then the system can still be expected to provide some reduction of response because of the added

damping.
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4.5 Modal Assurance Criterion (MAC)

In engineering analysis and design, it is often desirable to compare and correlate results from a theoretical
analysiswith the measured data, in order to validate the theoretical model. The field of experimental and analytical
modal analysis includes a number of methods that can be used for such correlation studies [20]. Most methods
available for comparing theoretical and measured vibration data are applicable to any two sets of data. In addition,
some of the methods are able to indicate which aspects of one model need to be modified to make it equivalent to the
other (correct) modd. If these methods are applied to test data for an original and modified structure, it is possible to
infer which areas of the original structure were altered. The correlation of mode shapes can be achieved through the
use of the modal assurance criterion (MAC). MAC is a scalar value between zero and one which represents the
correspondence between two mode shapes. A MAC vaue near one indicates a high degree of correlation or
consistency, and a value close to zero is indicative of an uncorrelated mode. The MAC therefor gives a numerical
indication of the consistency of two sets of modal vectors and it can be used to indicate whether individual modes are
related to each other. If an appropriate weighing matrix is available, MAC can also be used to access the orthogonality
of the modal vectors.

The MAC between the g-th mode of the first data set A and r-th mode of second data set B is defined as follows

2

{daky (g,
Dty iDaty g (g )

MAC ({d, ), (dg),) = (4.24)

where, {§,}, {§,}, are the mode shape vectors for g-th mode and r-th mode of data set A, respectively and
{dgly (g}, arethe mode shape vectors for g-th mode and r-th mode of data set B, respectively. Equation (4.24) is
essentialy the inner product of two vectors; if the vectors are co-linear, the value is 1 and if the vectors are orthogonal,
thevalueisO.

Table 4.10 presents the MAC values between the first eight FE modes, and Table 4.11 are the MAC values
between the first eight test modes. They show that all the diagonal values are one, and off-diagonal values are almost
zero, which mean that the modes are independent or orthogonal (as expected). Table 4.12 gives the MAC values
between the test data and the FEM results. Almost all the diagonal values are close to one. In those cases, where they
are not, the diagonal element is dominant relative to the off diagonal terms. This indicates that the FE modes and the

test modes are closely correlated.
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Table4.10 MAC Values Between the First Eight FE M odes of the M odel

1.0000 0.0000 0.0000 0.0000 0.0000 0.0680 0.0000 0.0000
0.0000 1 0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0689
0.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000
0.0680 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 0.0000
0.0000 0.0689 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000
Table4.11 MAC Values Between the First Eight Testing Modes of the M odel
(With the Actuator Coupled System and Valve Open)
1.0000 0.0002 0.0003 0.0050 0.0003 0.0334 0.0054 0.2080
0.0002 1.0000 0.0286 0.0004 0.0069 0.0094 0.0000 0.0038
0.0003 0.0286 1.0000 0.1660 0.0006 0.0006 0.0017 0.0000
0.0050 0.0004 0.1660 1.0000 0.0009 0.0004 0.0225 0.0067
0.0003 0.0069 0.0006 0.0009 1.0000 0.0012 0.0085 0.0000
0.0334 0.0094 0.0006 0.0009 0.0012 1.0000 0.0192 0.2021
0.0054 0.0000 0.0017 0.0225 0.0085 0.0192 1.0000 0.0011
0.0208 0.0038 0.0000 0.0067 0.0000 0.2021 0.0011 1.0000
Table4.12 MAC Values Between the First Eight FE Modes and Testing M odes
0.9211 0.0524 0.0061 0.0038 0.2147 0.0070 0.0173 0.0017
0.0356 1.0030 0.0074 0.0687 0.014 0.0013 0.1264 0.0058
0.0056 0.0152 0.8372 0.1100 0.0138 0.0002 0.0120 0.0077
0.0479 0.0012 0.0363 0.7016 0.0878 0.0674 0.0001 0.0160
0.0022 0.0057 0.0100 0.0562 0.6948 0.0126 0.0046 0.0000
0.0415 0.0006 0.0001 0.0068 0.0372 0.8539 0.0372 0.0034
0.0000 0.0680 0.0007 0.0031 0.0496 0.0118 0.8675 0.0018
0.0000 0.0019 0.0002 0.0004 0.0013 0.0003 0.0035 0.8952
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4.6 FE Model Correction

When the measured modal characteristics vary from those predicted by the analytical (base) FEM, then the
investigator must employ one method or another to adjust or modify the base model, to obtain results (from simulation)
that closely approximate the field measured response characteristics. This procedure is referred to as model
modification.

The open literature includes descriptions of awide variety of methods that have been employed to improve a FEM
based on observed data. Those approaches can be classified as. (a) mass modification, (b) stiffness modification, and
(c) combined mass tiffness modification techniques. Berman [38] presented a mass modification method which does
not require the knowledge of the eigenvalues of the system. The method relies on the addition of a perturbation of the
mass matrix to achieve orthogonality of the mode shapes (eigenvectors). Wei [39], on the other hand, provided a
stiffness matrix correction method that relied on the test data. 1t was assumed, in his report, that the mode shapes and
mass matrix are orthogonal. Baruch [40] proposed a combined mass and stiffness correction method using the
measured data. The first step of that method is the selection of a matrix from the mass and stiffness matrices which
was of higher confidence, and to correct that matrix in an optimal way to force the matrix to comply with the modal
orthogonality conditions. The other matrix is then corrected by fulfilling the equilibrium equation of system dynamics.
Luk [41] presented three different model modification methods: (1) modification in the physical coordinates, (2)
modification in the modal coordinates, and (3) modification in both the physical and modal coordinate systems.
Avitabile, et d., [43], used five examples to discuss the effects of model truncation on the model. Chou and Chen [44]
and Zhang [45] have proposed a model modification method that uses sensitivity analysis. The sensitivity of each
element isfirst andyzed, and the elements are then modified according to their sensitivity values. Chen [46] developed
a matrix perturbation method to improve the analytical model via the testing frequencies and modal shapes. That
approach was used by the CSC team to improve the FEM generated for the Walnut Creek Bridge.

We recall first that the unforced (homogeneous) model of the system can be written as
MoX + KX, = 0 (4.25)

where M, and K, are the uncorrected mass and stiffness matrices.

The solution of the FEM problem generates a system of eigenvectors, @, (the modal matrix), and a corresponding
vector of eigenvalues (modes) associated one to one with each of the mode shapes.

The method begins by assuming that the corrected system characteristics can be determined by adding a small

perturbation to each of the system parameter;

M, = M, + AM
K, = K, + AK
® - @, + AD (4.26)
A=A+ AA

o
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where M, and K, are the mass and stiffness matrices of the ROM; M, and K, are the corrected mass and stiffness
(matrices) of the modified moddl; ¢, and Ajare the eigenvector and eigenvaue of the analytical model, and ¢ and A
are the eigenvector and eigenvalue from the test data. The items prefixed with A are the differences between the
test/modified model and the FEM, in which AM and AK are the unknown functions that will be determined by the
known parameters, M, K, ¢,, pand A.

A procedure is outlined here to identify the required perturbations. We first assume that the perturbation of the
modal matrix isin fact amapping of the original modal matrix

Ap = ¢, A (4.27)

where A is acoefficient matrix with small values.

Substitution of Equation (4.26) yields

¢ = by + Ad = dy(1 +A) (4.28)
The modified model is also required to satisfy the mode orthogonality [46]

TM :M*
‘E,T Kii ke (4.29)

where, M * and K * arethemoda massand stiffnessof themodified model, andthey areassumedas M * = M and K * = K
at theinitial iterative step. My =g My, and K, = dg K, are the modal parameters of the ROM.
Substitution of Equations (4.26) and (4.28) into Eqg. (4.29) yields

(do(1 +A))T(M0+AM)¢0(I +A) = Mo* (4.30)
(bo(1 +A)T (Ko +AK) by (I +A) = Ky '

Neglecting the higher-order terms of the expansion, then Equation (4.30) can be approximated with the following
expressions

¢cT) AM ¢, = Mo*(‘AT‘A)

dF AK §y = K7 (-AT-A) = M; (-A,AT-A,A) (4.31)

Assuming that theinverse of the modal matrix exists, then Equation (4.28) is used to determining the following
forms



A=dyd -1
% ¢,T (4.32)
A T _ ¢T¢O -1
Pre and post multiplying Equation (4.310) by d){,Tand d){,l, and inserting the above equations into Equation (4.31)
yields

AM = Myd, (21 - dgMyd - ™M d,) by M,

(4.33)
AK = Mg b, (24, - ‘bcT) Ko - ¢TK0¢0) ‘bcT) M,

In Equation (4.33), M, K, ¢,and A, are the dynamic values from the ROM; ¢ is obtained from the modal test
or the combination of the test with the ROM. Then, AM and AK, aswell as M, and K, 1 of thefirst iterative step
results, can be calculated. The next step is started by re-determining the modal mass and modal stiffness of the
modified model from Equation (4.26), and applied to Equation (4.33) again, until a certain tolerance convergenceis
satisfied.

The actual correction procedure was realized by the multi-step modification using the following iterative

assumptions

M; = M,; + «aAM
Ki — KI 5 + ﬁAK (4.32)

« and P are the penalty factors, and their selection is arbitrarily. For this project, « = =1.1 were chosen.

Figure 4.4 shows the comparison of the transfer functions between the corrected FEM and the test results without
modification. The differences are obvious.

After two iterations, in which the full-scale model was taken as the reference, the system parameters realized a
significant change.

Figure 4.5 indicates that the modified transfer functions match the test data closely. At thistime, the modal test
datawas employed to form areference system. It demongratesthat the modified model matches with the experimental
results very well (Table 4.13).
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Table 4.13 Frequency List, Modified FEM vs. Test (Hz)

Mode No. Test Modified FEM vs. Test
1 2.56 2.566 0.12%
2 3.01 2.988 0.73%
3 3.25 3.217 1.02%
4 3.63 3.626 0.03%
5 3.88 3.857 0.59%
6 4.25 4.190 1.41%
7 4.56 4.506 1.25%
8 478 4.840 1.25%
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Figure 4.6 depictsthe variation of mode shape produced by the modification process. Next, the corrected modal

matrix was used to compute the modal assurance valuesfor the first eight modes. A comparison of those values before

and after correction is given in Tables 4.14 and 4.15. The results indicate that the method produces major changes

in those mode shapes that had the lowest MAC before correction.

First Mode Shapes, FEM vs. Test

Second Mode Shapes, FEM vs. Test
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Figure 4.6 Bridge Mode Shapes Shown in One Lane
Table4.14 MAC Values Unmodified FE Model vs. Test
0.9271 0.0524 0.0061 0.0038 0.2147 0.0070 0.0173 0.0017
0.0356 1.0030 0.0074 0.0687 0.0154 0.0013 0.1264 0.0058
0.0056 0.0152 0.8372 0.1100 0.0138878 0.0002 0.0120 0.0077
0.0479 0.0012 0.0363 0.7016 0.0000 0.0674 0.0001 0.0160
0.0022 0.0057 0.0100 0.0562 0.6948 0.0126 0.0046 0.0000
0.0415 0.0006 0.0001 0.0068 0.0372 0.8539 0.0372 0.0034
0.0000 0.0680 0.0007 0.0031 0.0496 0.0118 0.8675 0.0018
0.0000 0.0019 0.0002 0.0004 0.0013 0.0003 0.0035 0.8952
Table4.15 MAC Values Modified FE Model vs. Test

0.9363 0.0046 0.0073 0.0028 0.0035 0.1311 0.0016 0.0009
0.0075 1.0241 0.0081 0.0772 0.0051 0.0001 0.1230 0.0001
0.0050 0.0397 0.8602 0.0286 0.0007 0.0011 0.0081 0.0013
0.0332 0.0009 0.0075 0.8173 0.0936 0.0040 0.0003 0.0000
0.0000 0.0019 0.0039 0.0821 0.8775 0.0066 0.0003 0.0147
0.0313 0.0000 0.0003 0.0265 0.0567 0.9535 0.0017 0.0002
0.0003 0.0791 0.0017 0.0005 0.0000 0.0037 0.9287 0.0145
0.0001 0.0031 0.0006 0.0007 0.0000 0.0005 0.0159 0.9202
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CHAPTER 5

MODEL REDUCTION FOR DYNAMIC SIMULATION

5.1 Introduction

As shown in the previous chapters, the FEM given in Equation (4.4) (which has 4096 DOF) provides the frame
work for the identification of a high fidelity modal model of the bridge. That model has intrinsic value because it can
be used to determine the load carrying capacity of the structure and can serve also to gauge the expected service life
of the bridge.

Thefocus of the ODOT project is the design and development of a structural control system that isto be affixed
to the bridge. The synthesis of a control system requires amodel that is able to simulate the response of the bridge to
external loads. That requires the numerical integration of a system of equations. The time required to simulate the
response of the bridge to truck and control inputs using a 4096 DOF model is extremely prohibitive. What is needed
then is aprocedure that will produce amode of the bridge that has a minimal number of generalized coordinates. The
congtraint isthat the reduced order model must mimic the behavior that would have been predicted, had the large FEM
been used. What is required then is a procedure that produces a model that has very few DOF, and which has
eigenvalues and eigenvectors (modal frequencies and mode shapes), that are consistent with the lowest and dominate
modes produced by the full FEM. This chapter recounts the approach used by the Center for Structural Control (CSC)
to develop low order models of the bridge dynamics.

Various techniques are used routinely by practitionersin the structural control field to produce a reduced order
modd (ROM). Some of those techniques are reviewed below. One popular method is based on the premise that only
afew of the lowest modes of a structure are needed to characterize the motion. The method assumes that external loads
are band limited, and rarely excite higher modes. Researchers have developed several approaches that use this
assumption. One method requires the direct truncation of the higher modal DOFs. The drawback to this approach is
that the entire mass and stiffhess matrices of the original model must be available. That is not possible in general.

A technique that produces a ROM using a subset of the original physical coordinates was first introduced by
Guyan [21]. The crudest form of the method is called static condensation. It is accomplished by eliminating those DOFs
which have no external forces applied to them. None of the structural complexity is lost since all elements of the
original stiffness matrix contribute. A similar approach is used to reduce the order of dynamic model as well. Both
static and dynamic Guyan reduction rely on a simple division of the coordinates into those that have mass associated
with them and those that don’t. The technique produces the classic master and slave node characteristics.

Kidde[22] and Miller [23] modified the static condensation procedure, in an effort to reduce the inherent error
that occurred when it was applied to dynamic problems. The main advantages of using their approach is the relative
efficiency and cost effectiveness, when compared with solving the same problem using the full system model. A
disadvantage, however, is the approximate nature of the reduced system, which sometimes leads to serious error. A
virtually complete elimination of errors can be attained by using the so-called dynamic condensation method proposed
by Paz [24,25] and O'Callahan, et al., [26]. The algorithm for this method starts by assigning an approximate value
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(e.g., zero) to the first eigenvalue mi, applying dynamic condensation to the dynamic matrix of the system
[D,] =[K] - mi[M] , and then solving the reduced eigenproblem to determine the first and second eigenvalues mf and
mg. Next, dynamic condensation is applied to the dynamic matrix [D,] =[K] - mg[M] to reduce the problem and
calculate the second and third eigenvalues, mg and mg. The process continues in this manner, with one virtually exact
eigenvalue and an approximation of the next eigenvalue calculated at each step.

Other reduction techniques include: general dynamic reduction [27,28,29,30], extended Guyan reduction [31],
improved reduced system [32], and system equivalent reduction [33]. O'Callahan [34] recently published a survey of
the various reduction procedures, and gave numerical examples to illustrate the high accuracy of the more recently
developed methods.

The genera approach to dynamic reduction often relies on atransformation which neglects inertia effects in order
to eliminate the DOFs. The transformation is then used to generate mass and stiffness matrices for the reduced system
that results in the same kinetic and potentia energies that are equal to the complete system.

5.2 Review of Methods
5.2.a Guyan and Iterative Improved Reduction System (IRS) Method. For the purpose of the discussion here,

we assume first that the structural damping is very small. Neglecting damping, the structural model takes the form:

MX + KX = F (5.1)

where M, K are the mass and stiffness matrices, and M e RNV Ke RNN | X s the physical coordinates
(displacement vectors) and F isthe force vector. Where, X e RN, Fe RN,

M and K are first partitioned into subspace matrices related to the master DOFs, which are to be kept and the
dave DOFs which are to be deleted. Then, Equation (5.2) can be rewritten as

Cmy oy (52)

Here, the master coordinates are those that are subjected to external loads. The subscripts m and s relate to the master
and slave coordinates, respectively.

The argument is next made that all of the structures can be lumped to the master coordinates, allowing us to
eliminate the acceleration terms in the second row of Equation (5.2), which produces the following simple “static”

relationship between slave and master coordinates

Ko X, + K X, = 0 (5.3)

SS°°'s

Solving, then
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Xs = - Ks;1 Kszm

(5.4)
This expression is used to determine the reduced coordinates
X X I
X =" = g = X, = T X 5.5
X| | -KaKgnX| |~ Ke Kgn ™M~ 7s7m 59
where T, denotes the static transformation between the full model and reduced model
T, = ! (5.6)
s - Ks':sl Ksm .
The reduced mass and stiffness are then given by
M =T/MT
r ST s (5.7)
K =T, KT,

Substituting T and M, K in Equation (5.1) into Equation (5.7), M, and K, result in the Guyan static reduction.
O'Callahan improved the static reduction method by introducing the IRS method. The method perturbs the

transformation from the static case by including the inertia term as pseudo-static forces. The derivation starts from the
second equation of Equation (5.2) for the sinusoidal excitation with frequency Q

[Ke - @MIX, = - [Ky, - @M, ] X,,

(5.8)
The dynamic relationship between the master coordinates and slave coordinates is
Xs =~ [Kss - QZMES]{l [Ksm - QZMsm] Xm (59)
or
- Xo= [1 - PRKIMI K K, - @PKTM T X (5.10)
Equation (5.10) can be expanded by using Taylor series
=X = [1 o+ PRI M + ()] KK, - PRIIM T X, (5.11)
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Truncating this expression for orders of Q beyond 2, then

X, = [-K Ky, + P (KM, - KIMAKITK )T X (5.12)

S

For the static reduction model, the lower Q of the full model is satisfied with the reduced model, which implies
that

PM, X, = K X, (5.13)

Substituting Equation (5.13) into Equation (5.12), then

Xs= [ _Ksélem * Ks':sl(Msm B MESKsjlesm)MrilKr] Xm (5.14)
The slave coordinate can be eliminated using following expression
X = X ! X =T X (5.15)
Xs _Ks: Kan + Ks':sl(Msn B MESKE':Sl Ksm)Mril Kepom reTm .
where T, isreferred to asthe general transformation of the IRS method, expressed as follows
T, = ! 0 5.16
s T KM | T | KK, + K& (M, - M_KZK )M K, (516)
T,.=T,+SMTM 'K (5.17)
where
0 O
S = 5.18
0 K (5.18)
The reduced mass and stiffness matrices obtained by the IRS method are then
T
irs ~ TirsM Tirs (5 19)
T .
irs TirsKTirs
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The transformation in Equation (5.17) relies on the static reduced mass and stiffness matrices. Once the
transformation has been computed, an improved estimate of these reduction matrices is available using Equation (5.20),

which provides the basis for an iterative improvement of the estimate [50]

-1
Tirs,i+1 = Ts +SM Tirs,i Mirs,i Kirs,i (5-20)
Mirgii1 = TirTs,i+1 Mirsi Tirsis1
K =T KT (521)
irs,i+1 irs,i+1 irs,i irs,i+1

The iterative process has excellent convergence characteristics and can be used to produce a reliable reduced order
model.

5.2.b Modal Model Reduction Method (MMRM). This method begins by expressing the physical coordinate

as alinear combination of modal vectors

X = ®q (5.23)

where, @ isthe modal matrix of the structure (N x N), ® € RN q isthe modal coordinate (N x 1), g € RN.
Thefull sysem model is then partitioned to separate the modal coordinates that will be kept from those modal
coordinates omitted in the reduced system model. Equation (5.23) is then rewritten as

q)ma q)mo
H (5.24)

@, o

sa

m

X

X =

The subscripts a and o relate to the kept and omitted coordinates, respectively.
Expanding Equation (5.24) then gets

X = Pra Gz + P (5.25)

Xs = @ 0, + @y, (5.26)

Assuming that the omitted modes are neglectable, then
X = @,0, (5.28)

52



X = @0, (5.27)

In order to obtain the desired relationship between X and X, Equation (5.26) must be solved for the vector g,.

Thematrix ®__ will in general be rectangular and of dimension m x a. Therefore, adirect inversion of ®__ matrix

T
ma’

cannot be used to solve g,. Instead, Equation (5.27) is pre-multiplied by @, resulting in the expression

D Xa = Pra @0, (5.29)

If the FEM-based mode shapes can be obtained using the selected set of retained DOFs, the matrix ®,__ will be

of full column rank. Thus, the a-th order square matrix, d);a ®__, isnon-singular and invertible. Equation (5.28) can

ma’

be solved for g, yielding

Ay = [ @ @l ~ P X, (5.30)

where, [ @, @ ] 1@, representsthe generalized inverse of @,
Equation (5.29) is substituted into Equation (5.27), resulting in an expression for the omitted partition of the

physical-displacement vector X, in terms of the kept partition X . Itis given by

XS = @Sa [ @:—na q)ma] o @:—na Xm (5'31)

Combining X, and X, the relationship between the master coordinates and slave coordinates is then given as

follows

|
X = T X, = TX 5.32

m

a

where

T =

I
- 5.33
q)sa [q)-r;aq)ma] ! @Lj ( )

The transfer matrix T can be used to reduce the original FEM, and the reduced mass and stiffness matrix can

be written as

53



M, =TTMT
K =TTKT (5.34)
5.3 Accuracy Checking of ROM.

In order to evaluate the fidelity of the reduced order model (ROM), the actual frequency, mode shapes and
dynamic responses must be compared to the predicted values given by the full order model. The dynamic responses
analysis of the ROM is described here.

The reduced model can be written as

M X +KX =F (5.35)

where, M, K, arethe reduced mass and stiffness matrices, respectively, M, e R™™, K € RM™™. X  F_arethe
physical coordinates (displacement vectors) and force vector, respectively, X. € R™, F, e R™.

Asatypical case, a one point impact input is considered here, which is the modal testing. F, can be written as

F, =[0,0, ..., f, 0, 0] (5.36)

where f; isthe impact force at i point.
In order to compare the dynamic response of areduced model and that of its full model, the impact force F, and F

should be the same

F=[F,0,....,0,0] =[0,0,,...f,0,....0] (5.37)

Introducing the state space vector

. (5.39
; 5.38
X, = X,
Equation (5.35) can be written as
X,| |0 X, [o]
7| = 5.39
%,| M, 1K, of [Xo] " [Fe (5:39)

The transfer function providesthe basis for a comparison of different models. The transfer function of Equation

(5.35) can be written as



H(w) = = (5.40)

5.4 Application of ROM at Walnut Creek Bridge

The simulation of the dynamics of the bridge using the large FEM developed in SDRC I-DEAS™ was far too
time consuming. To make matters worse, the I-DEAS™ software has no provision for the generation of reduced order
modds. The CSC had planned to use the modal truncation method and apply it directly to the I-DEAS model (4096
DOFs). That proved to be impossible, because there is no means provided to extract the mass and stiffness matrices
(4096 x 4096) that were automatically generated in I-DEAS™ for the large FEM bridge mode.

We chose instead to produce a reasonably exact model of the bridge structure that utilized a much coarser mesh
of the lements. A gtick diagram of the mesh is shown in Figure 5.1. The bearing points (0) are restrained to rotation
in about the X direction (perpendicular to centerline of bridge) only. Intermediate nodes between bearings are alowed
to rotate in the X direction and translate in the Z direction. The model consists of 145 DOFs. Masses were lumped at
nodes. The modal frequencies and mode shapes of this base (Smple) model and the I-DEAS™ model are listed in
Tables5.1 and 5.2. For the lowest eight eigenmodes, the base model and the IDEAS™ model provide a nearly exact
match of characteristics. The base mode!, while considerably simpler than the full I-DEAS™ model, was still far too
cumbersome to conduct the design and simulation studies needed. We next applied different methods to construct

reduced order models that were extracted not from the I-DEAS™ full model but from the base model (writtenin "C"
language).

33' y

50
66'
100'

400'

Figure5.1 Simple FE Modél of the Walnut Creek Bridge

In order to demonstrate the technique, we constructed alocal FEM to establish alow order system that could be
used to quickly establish the deflections of a span subjected to a moving vehicle load. The wire diagram of the system
isshown in Figure 5.2. The nine interior nodes shown there are restrained to vertical translation. A first impression
isthat the model is at best avery poor representation of the motion of the bridge. We then applied the Guyan method,
the standard IRS and the iterative IRS methods to compare the effectiveness of each approach. Table 5.3 contrasts the
modal frequencies obtained using each method versus the frequencies of the full FEM mode. The first two methods

fail miserably. The iterative IRS method, on the other hand, provides an excellent reconstruction of the mode
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frequencies. A comparison of the transfer functions obtained at one point (Figure 5.3) for the large model and the ROM
isaso anindication of the accuracy that can be obtained using the iterative IRS method. While not presented here, it

isaso helpful to compare the degree of eigenvector orthogonality (the MAC) between the full model and ROM. The
results of that test were acceptable.

Table 5.1 Comparison of Frequencies of the Simple (145 DOFs) M odel
vs. Full (4098 DOFs) Model

Mode
Number

Frequencies & M ode Shapes of Full
Finite Element Model

Frequencies & Mode Shapes of Reduced
Order Modd
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1.1%
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0.8%
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Torsion
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0.9%
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Table 5.2 Comparison of the Lowest M ode Shapes of the Simple (145 DOFs) M odel
vs. Full (4098 DOFs) Model
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Transfer Function
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Figure5.2 9 DOFsPattern of Model Reduction

-100

-110-
-120
-130

-150
-160

-180-
-190-
-200

Refer. Model 4

9 DOFs Reduced Model

10°

as
Frequency(Hz) 10

Figure 5.3 Transfer Functions Between Response at B3 and Input at A for 9 DOFs
Reduced Model By Iterative IRS and Reference M odel

Table 5.3 Natural Frequencies of three 9 DOFs Reduced M odels

Mode Mode Frequency and Errors (%)
Number Reference M odel Guyan (%) Standard IRS Iterative. IRS (%)
(%)
1 2.5490 3.5815(40.51) 3.0425(19.36) 2.5512(0.086)
2 2.9695 4.3414(46.20) 3.9257(32.20) 2.9780(0.286)
3 3.3168 5.4931(65.61) 5.1107(54.08) 3.3236(0.205)
4 3.6579 12.560(243.38) 7.850(114.60) 3.6743(0.448)
5 3.9580 14.975(278.35) 9.372(136.77) 3.9863(0.715)
6 4.3773 35.097(700.18) 11.53(163.43) 4.3915(0.324)
7 45233 35.119(676.41) 19.39(328.18) 4.5591(0.791)
8 4.7091 36.097(666.54) 22.22(371.77) 4.7383(0.620)
9 5.0664 41.051(710.26) 26.91(431.17) 5.5563(9.660)
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Example utilization of ROM

In order to demonstrate the utility of the
method, the ROM was employed to predict the
motion of the center of the east most girder in the
third span of the bridge when a truck with known
chassis characteristics passed over the bridge in
theright lane. Thetruck was a"Low Boy" tractor
trailer combination. The tractor was equipped
with a steering axle, atandem rear axle, and the
trailer was outfitted with three solid axles. The
truck weighed 120,000 Ib. A comparison of the
response predicted using the full model and the
reduced order model is shown in Fig. 5.4.

5.5 Conclusion

Displacement (m)

-14

ROM vs. Full FEM, Simulated Points €50

-10 ¢

12 F

- Full FEM
— 12DOFsROM

o,
.....

Time (Second)

Figure 5.4 Comparison of Dynamic Response,

12 DOFsROM vs. Full FEM

Techniques were presented that can produce extremely accurate reduced order models of the bridge that provide

an excellent basis for the study of the dynamic (motion) response of the structure. The ROM also provided a working

format for the design of a suitable control.

The user is cautioned on one point; while the ROM produced here is an acceptable method for motion simulation,

it provides a very poor estimate of the stresses that result from the motion. Stress studies are best accomplished with

higher order models
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CHAPTER 6

CONCLUSION

Thisreport describes the results of an effort to develop an accurate mathematical model of the two lane, Walnut
Creek Bridge (north bound) on I-35. The procedures used to conduct modal tests at the site were reviewed in detail.
The post processing of that modal test data defined the modal frequencies, modal damping and mode shapes of the
actual structure. Next, the construction of a FEM of the bridge was described. There followed a discussion of the model
modification methods that were invoked to resolve the differences between the predicted modal characteristics and
those measured in thefield. The text also described the methods that were employed to generate reduced order model
that was more amendable to dynamic simulation and control analysis than was the very large dimension FEM.

The work presented in this report provides the basis for the design of a vibration suppression system for the
bridge. The work also provides a blue print of the process that can be relied on to study any other bridge. The
procedures are all implemented in software, and are essentially independent of the type or description of the bridge.
Modal modeling and modal testing can provide the bridge engineers with a crisp, and precise measure of a bridge's
behavior and response characteristics. It aso provides the engineer with a means of ascertaining highly accurate
estimates of gtress, load distribution and the general health of the structure. The existence of an accurate modal aso
makes it possible to examine other questions including, for example, what effect the diaphragms have on the

characteristics of the bridge?
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ABSTRACT

A recent report on the health of the bridges in the U.S. indicates that almost 28% of all U.S. bridges are
considered deficient, and 10% of all bridges are in the structurally deficient category. Estimates to repair/replace and
upgrade deficient bridges exceed 6 billion dollars per year for the next two decades. Almost as formidable is the
pressure from the transportation industry to increase the non-permit weight limit on highways in order to satisfy an
ever increasing pressure to make truck traffic more economic. That pressure is exacerbated by the recent call for more
international truck traffic viarecent international trade agreements. Our neighborsin Mexico and Canada allow non-
permitted truck weight in excess of 110,000 Ib, while the U.S. has an 80,000 Ib limit.

The research project reported on here demonstrates a new technology that can on the one hand increase the
useful service life of a highway bridge by several decades, while making it possible to increase the non-permit load
[imit without compromising remaining service life. The report utilizes the result of field tests of the new technology
to compute the remaining safe and mean life of atest bridge on I-35 in Oklahoma using the NCHRP Report 299 (1989)
as aguideline. Several calibrated trucks were used in the study to develop a spectrum of results. The study supports
the contention that a bridge, outfitted with a load/vibration control system, islikely to last many more decades then
originaly designed for.

Vi



CHAPTER 1

IMPORTANCE OF THISRESEARCH

Thereisno “best” approach to the fatigue analysis of bridges. At least three methods of fatigue analysis (the Stress
Life method, the Strain Life method and the Fracture Mechanics method) are routinely used. Each method has unique
advantages and limitations. Depending on the predictive capability and accuracy required in the fatigue analysis, any
of these fatigue life estimation techniques can be used to determine the expected fatigue lives of new or existing
bridges.

The Stress Life method is the easiest-to-apply method of fatigue analysis. It can be used in almost any situation
to obtain an accurate estimate of fatigue life, and the method works very well in situations involving constant (or nearly
constant) amplitude loading and long fatigue life. This method is routinely used during the design of new bridges and
for the evaluations of remaining fatigue lives of existing bridges.

The work presented in this report relies on the application of the Stress Life method for the assessment of
remaining fatigue life of the test bridge -- Walnut Creek Bridge on Interstate 35. The field test and simulation results
of the dynamic response of the test bridge made it apparent, however, that the prescription of static stress ranges and
impact factors, described in the basic procedure of the NCHRP Report 299 [1], provide at best a poor estimate of actual
dynamic stresses. When the study was conducted, the investigators established moment ranges for bridge girders by
loading the bridge with the static weight of the “Fatigue Truck” at various locations along the span to determine the
maximum and minimum moments. That approach shows a complete disregard for the dynamic effects imposed by
heavy truck vehicles, that are invariably outfitted with suspension that tend to shed (by design) vibratory loads to the
bridge, rather than excite and possibly damage the conveyed load. An impact factor, or static load multiplier, is
generally applied to the extreme static moments to provide an indication of the predicted effect that dynamic loads can
produce. The procedures tend to underestimate the effect that vibration oscillations might have on useful life. The
cumulative effect of cyclic loads can only be measured if each reversal is accounted for. The work here utilizes the
rather conservative but more realistic rainflow counting method.

In order to render amore accurate representation of the actual impact loads that are imparted to the bridge, many
field tests were conducted. Those test results provided a reliable understanding on the actual loading and bridge
working performance. Once the field tests were completed, then the Center for Structural Control (CSC) developed
a computer code of that was designed to simulate the dynamic response as a truck(s) passes over the Walnut Creek
Bridge. That code consists of a dynamic finite element based model of the bridge, coupled with atruck. In order to
replicate the actual field data, the CSC found it necessary to model the trucks chassis suspension system with complient
elements. The parametersthat define those springs, dampers, tire stiffness, the weight of the axle assemblies and the
sprung weight of the truck were established via testing.

The research team used the field test results of the controlled and uncontrolled response of the bridge to determine
the effect on service life that the SAVA system produced. Comparisons of the results are offered. The results indicate
that the SAVA system extends the service life of the controlled span by at least 50 years.



Itis noted, finaly, that the results obtained here were based on standard practices, afair and impartial estimate,
the digtribution of the loads, and a thoughtful determination of the prior history of the bridge/truck interaction loads
imposed on the test bridge over the period from initial use to the present. The work provides an educated guess at the
condition of the bridge as it exists, and an indication of how the bridge might fare once outfitted with the SAVA
system.



CHAPTER 2

FATIGUE LIFE ANALYSISSTRATEGY FOR STEEL BRIDGES AND STRUCTURES

The purpose of this section is to provide the reader with a comprehensive review of the guidelines that are
presently relied on by the bridge engineers to assess bridge fatigue life.
2.1 Review of Fatigue Evaluation Procedures

2.1.1 AASHTO Manual. The AASHTO Manual is perhaps the most widely followed prescription for the
assessment of bridge headlth. The evauation of the fatigue condition is based on a balanced assessment that sel ects both
field observation and calculated effects. The Manual, which requires o - € inspection of the structure at least once
every two years, provides a detailed recipe for the evaluation of the fatigue condition of a bridge based on the field
observations made during inspections. The Manual suggests the use of more elaborate procedures, defined in the
Specifications section of the AASHTO Regulations, be used when a more precise evaluation of bridge fatigue lifeis
required.

2.1.2 AASHTO Specifications. The drawback to utilizing the AASHTO Fatigue Specifications is that they were
adopted prior to the development of an experimental basis for the prescription of fatigue assessment. Many of the
particulars described in the Specificationsfail to reflect the actual sources of fatigue-producing complications in bridge
structures. Instead, they combine an artificially high stress range with an artificially low number of stress cyclesto
produce a reasonable design. Furthermore, the fatigue provisions in the Specifications are presented in terms of
allowable stresses and do not indicate how to calculate the remaining life of an existing bridge, which is needed to
make cost-effective decisions regarding inspection, repair, rehabilitation, replacement, and research. Neither the
Manual nor the Specifications consider secondary bending effects or cracked or repaired members.

2.1.3 European Convention for Constructional Steelwork (ECCS). For severa years the ECCS has been
preparing recommendations [5] for the fatigue design of sted structures, which are intended for application to highway
and railway bridges, crane and machinery supports, and other structures. The ECCS recommendations follow the
AASHTO approach of classifying structural details according to their fatigue strength. However, ECCS uses 14
different detail categories instead of the seven presently used by AASHTO

and includes details not covered by AASHTO. Furthermore, ECCS gives a complete design SN curve (stress range
vs life) for each fatigue category, instead of allowable stresses corresponding to specific life categories. Those curves
are amilar to the ones used to develop the AASHTO allowable stress range values. The ECCS uses an effective stress
range concept, similar to that developed in NCHRP Project 12-12 [7], to define variable-amplitude spectra. This
effective stress range is based on Miner’s Law [9]. When conducting a fatigue evaluation, the effective stress range
corresponding to the design loading is used with the appropriate SN curve. For highway steel bridges, ECCS also uses
the fatigue-truck concept developed in the NCHRP Project [7,8]. In that approach, the variation of truck positionin
typical traffic, is represented by standard fatigue vehicles. The fatigue evaluation can be made in terms of either stress

or life and absolute allowable stresses are not imposed.



2.1.4 British Fatigue Code. The recent British Fatigue Code [6], which applies to both highway and railway
bridges, gives three different analysis procedures for highway bridges. All three procedures use the same design SN
curves to define the fatigue strengths of various detail categories. The classification of details into categoriesis similar
to that used in the ECCS recommendations [5]. Also, the finite-life portions of the SN curves, for the various
categories, are essentially the same as those used by ECCS [5]. The British code, however, uses a constant-amplitude
fatigue limit for each category of ten million cycles, and the SN curve is projected below this stress range at a slope
of five. Thereis no cutoff level below which stress cycles have no effect. In the simplest of the three procedures, an
effective applied stress range for each detail is calculated by loading the bridge with standard fatigue trucks that
represent typical truck traffic. This calculation must be below an allowable stress range corresponding to alife of 120
years, and to atruck volume that is defined for various types of highways. Each truck passage is assumed to cause one
stress cycle. The highest of the specified truck volumes is 2 million per year in one lane; this corresponds to 240
million stress cycles over the expected 120-yeer life of the bridge. The effective stress range and fatigue truck concepts,
used in this procedure, are based on concepts developed in a previous NCHRP study [7] and are consistent with Miner’s
Law [9].

2.1.5 NCHRP Report 299. In recent years, information has been developed on variable-amplitude fatigue
behavior, high-cycle, long life fatigue behavior, actua traffic loadings, load conditions, and other important parameters
related to fatigue. This information, together with the extensive information previously accumulated on the fatigue
behavior of various steel bridge details, is sufficient to permit the development of realistic procedures, the “ Fatigue
Evaluation Proceduresfor Sted Bridges’, National Cooperative Highway Research Program Report 299 (hereinafter,

referred to ass NCHRP Report 299). The evaluation procedure used in this report was based on the application of the
NCHRP Report 299.

The objective of the NCHRP Report 299 was to develop practical fatigue evaluation procedures that:

(2) realistically reflect the actual fatigue conditions of a bridge,

(2) givean accurate estimate of the remaining fatigue life of a bridge and permit this estimate to be updated

in the future to reflect changesin traffic conditions,

(3) provide consistency and reasonable levels of reliability,

(4) permit different levels of effort to reduce uncertainties and improve predictions of remaining life,

(5) consistently apply to both the evaluation of existing bridges and the design of new bridges,

(6) can conveniently be modified to reflect future research, and

(7) are suitable for inclusion in the AASHTO maintenance manual and design specifications.
2.2 Similarities of Procedures

2.2.1 Evaluation Steps. Most fatigue evaluation procedures proposed for structural applications, are intended
to reflect the actual fatigue conditions that occur in the structure under consideration. Consequently, they generally
involve three steps: (1) calculate the variable-amplitude stress spectrum caused by the actual loading, (2) relate this

variable-amplitude stress spectrum to an equivalent or effective constant-amplitude stress by some cumulative damage



approach, and (3) compare the resulting applied stress parameter with a fatigue strength (SN) curve to obtain the
fatigue life. Stress range is the main stress parameter in most of the proposed procedures; some also consider the
effects of mean stress. Factors of safety may also be used to modify the applied stress value.

2.2.2 Truck Loading. The uncertainty in the calculated variable-amplitude stress spectrum depends on how
accurately the loading can be defined and how stresses can be calculated from the loading. For highway bridges, truck
traffic produces the main fatigue loading, and a gross weight histogram for such traffic is the most important parameter
defining thisloading. Therefore, most of the proposed procedures define atypical histogram and/or permit the use of
an actual histogram for the site. The wheel spacings and distributions of the gross weights to various axles are aso
important and are defined in most of the proposed procedures. Calculation of the stresses from the loading involves
factors that account for lateral distribution, impact, and multi-truck loading. These parameters are usually included
in adifferent formation in each proposed procedure.

2.2.3 Damage Accumulation. Miner's Law [9] is used in amost all of the proposed procedures to relate
variable-amplitude fatigue behavior to constant-amplitude behavior. Although Miner’s Law is often criticized by
researchers, especialy those dealing with specia types of loadings, an extensive NCHRP study [7] of simulated bridge
members reports that it is unbiased for such members and that the scatter in predicting the life is not large. For
convenience, many of the proposed procedures use the effective stress range (see below) concept that was devel oped
in the NCHRP study [7], which was based on Miner's Law. In that approach, a variable-amplitude spectrum is
represented by an equivaent constant-amplitude stress cycle. Several of the proposed methods carry this concept one
step further and use an effective fatigue truck to represent typical truck traffic [7].

2.2.4 Effective Stress Range. In most of the proposed procedures pertaining to highway bridges, the effective
stress range for that bridge is compared with fatigue strength curves that are consistent with the present AASHTO
allowable fatigue stresses [10] for various detail categories. The finite-life portion of these curves represents
approximately 95 percent of the confidence limit for the worst detail in each category. Mathematical expressions are
often given to define the curves, and parallel lines, representing different confidence levels, are sometimes provided.
Also some of the proposed procedures give allowable stresses for various details that are based on the fatigue strength
curves. These dlowable stresses are based on heavy traffic volumes that are considered appropriate for specified types
of highways (e.g., interstates) and on a desired level of useful service life for the bridge. Some procedures, however,

give dlowable stresses for any estimated lifetime average truck volume and desired design life. Thus, appropriate truck

volumesfor the actual site can be used. Very few procedures[1] recognize that a truck passage may cause more

than one dress cycle and give procedur esto define the appropriate number of stress cycles per truck passage.
2.2.5 Fatigue Limit. A limited number of the proposed procedures [1] use a variable-amplitude fatigue limit

that is some fraction of the constant-amplitude fatigue limit. 1f the effective stress range for the spectrum is below this
variable-amplitude fatigue limit, the fatigue life is assumed to beinfinite. A limited number of those procedures project
the finite-life portion of the fatigue strength curve downward without limit and; thus, assume that the constant-

amplitude fatigue limit is till to be determined. Generally, a uniform slope of -3 on alog-log plot is used to represent



the decrease in fatigue life versus stress. Some of the proposed procedures assume that the fatigue life isinfinite if all
of the stress cycles in the variable-amplitude spectrum remains in compression. This is consistent with the present
AASHTO [10] approach.

2.2.6 Probability and Safety. Many of the procedures use probabilistic concepts for assessing safety, and NCHRP
299 [1] is intended to indicate the probability that the actual fatigue life will exceed a particular value. Some
procedures use reliability calculations to assess or adjust the level of safety associated with a particular design procedure
or to obtain a consistent level of safety over a range of design cases. The values of key parameters in a design
procedure can be adjusted to improve this consistency. Some factors that affect the fatigue stresses in actual bridges,
such as unintended end fixity at abutments, may also be included in the reliability analysis to assure uniformity in
sefety level [1].
2.3 FatigueLife Evaluation Strategies of the Walnut Creek Bridge

Walnut Creek bridge islocated on 1-35 at the 92.7 mile marker and crosses Walnut Creek near Purcell, Oklahoma
(Figure 2.1). Thebridgewasbuiltin 1971. It condsts of five 400' long continuous stedl girders with three intermediate
piers and two abutments located at 100" intervals. The bridge deck is skewed at 45° to the centerline of the roadway.
The deck is 38' wide, including two 12" wide lanes of traffic, a 10" shoulder adjacent to the inside lane, and a 4'
shoulder adjacent to the outside lane. The five steel girders are covered by the composite concrete deck. The
supergtructure is supported viaa group of fixed shoes (on the middle pier) and four groups of expansion shoes (on the
other two piers and the two abutments). The girders are equipped with diaphragms at 20" intervals. The diaphragms
are orthogonal to the longitudinal centerline of the bridge. Recent traffic surveys indicate that approximately 18,000
vehicles cross the bridge on an average day.

Data about the bridge that was used in the fatigue life evaluation included:

(1) measured truck weight,

(2) actual stress cycles per truck passage for each truck used in the study;

(3) actual and codified truck superpositions factors;

(4) codified lateral distribution factors for the girders;

(5) measured impact effects caused by bridge/truck vibration and rough road surface on the bridge,

(6) effective section modules for different sections of the composite bridge,

(7) indirectly measured moment ratios or moment ranges for different truck loads;

(8) constant-amplitude fatigue strength for the steel girders (the AASHTO category of the Walnut Creek Bridge

is defined as category C), and

(9) cumulative damage relationship.

The analysisincludesthe significant effects caused by the resonant coupling that occurs between the bridge and
the truck’s suspension. The truck wheel load input to the bridge and the dynamic response of the bridge were all
carefully simulated and then validated with the field test results. Other observations, such as fatigue limit, compression

cycling, long-span loadings, and vibration cycles for the bridge, are also discussed.
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Figure2.1 Layout and Cross Section of the SuperstructureWalnut Creek Bridge on 1-35, Oklahoma

The analysisincludesthe significant effects caused by the resonant coupling that occurs between the bridge and

the truck’s suspension. The truck wheel load input to the bridge and the dynamic response of the bridge were all

carefully smulated and then validated with the field test results. Other observations, such as fatigue limit, compression

cycling, long-span loadings, and vibration cycles for the bridge, are also discussed.

2.3.1 SN Curve. Itisgenerally accepted that the fatigue life of abridge will be infinite if all of the stress cycles

in avariable-amplitude spectrum, obtained from simulation and field tests, are below the constant-amplitude fatigue

limit, S;.. Figure 2.2 clearly shows that this occurs when the effective stressrange, S,, for the spectrum is less than

Siio/R,, andthislevel of S, can be considered the variable-amplitude fatigue limit, S

for the spectrum. R, isthe

riv?

peak ratio for the spectrum and is defined as the peak stress range, SH in the spectrum divided by the effective stress

range.
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If S.>S

riv?

some of the cycles, S, S, ,, are above the constant-amplitude fatigue limit and others, S, , are below.

riv=ra’

In the past, it was thought that the cycles, S

riv?

below the constant-amplitude fatigue limit cause no fatigue damage
and can could therefore be ignored. The dashed SN curve in is based on this assumption and represents an upper
bound on the fatigue life. It becomes asymptotic to the variable-amplitude fatigue limit at a very long life.

More recently, it was concluded that the S cycles cause damage by propagating cracks initiated by the S,
cycles. Atworg, the S, cycdles cause the same fatigue damage as if the constant-amplitude fatigue limit did not exist.
Therefore, the solid SN curve in Figure 2.2 defines the lower bound for fatigue life. The actual SN curve must lie
between these two limiting curves, but sufficient datais not yet available to define its position precisely [1].

The difference between the upper- and lower-bound SN curves depends primarily on the peak ratio and the shape
of the probability-density curve defining the stress spectrum. If this curve has along low tail, R, will belargeand S,
will bewell below upper-bound curve. Consequently, the difference between the two curves will be large if the tail is
long.

The SN curve for a“C” category bridge, which is recommended in NCHRP Report 299 [1], was used here to
caculate thefatiguelife. The effect of the fatigue limit on this evaluation procedure depends on the level of the actual
SN curve at a practical design life. If the actual SN curve iswell above the SN curve assumed in this procedure, the
effect will be large. Therefore, tests will be needed to define the actual SN curve for the girders.

2.3.2 Compression Cycling. Inthis procedure, it is assumed that the fatigue life of the bridge is infinite, if all

of the stress cyclesin the spectrum from smulation and test are compressive. Thisis consistent with present AASHTO



fatigue design procedures. In practice, bridges in the category are considered fatigue risks. Although the fatigue life
of anl-beam is shown to be infinite if the stress ranges at the critical locations are below or close to the compressive
dead load, the dlight difference or calculation error in dead load stress probably does not actually have alarge effect
on the fatigue life. Therefore, even if the stress ranges are a little above the compression dead load, the infinite life
of the bridge can be assumed. Thisisthe situation that is likely to occur on the controlled bridge.

2.3.3 Long-span Bridge Loadings. In along-span bridge, the traffic loading causes long periods of continuous
stresses of varying magnitude rather than alarge number of individual cycles assumed in the procedures. The large
magnitudes of these continuous traffic stresses suggest that special fatigue loadings need to be considered for such
bridges. Further study of fatigue loadings in long-span bridges would be desirable to provide more definitive data on
the nature and effects of such loadings.

A continuous stress time history can be generated from available data based on (1) the percentage of vehicles of
various weights and types in typical traffic, and (2) the variation of traffic volume with time over a 24-hour period.
Certain methods can be applied to the data to determine the positions of the vehicles on the bridge at any time, and
appropriate influence lines can be used to calculate the resulting stresses. The effects of the continuous stress-time
curves on fatigue behavior can be assessed by methods using the cycle counting technique.

2.3.4 Vibration Cycles. For some bridge types, the effects of vibration stresses on fatigue behavior are generally
small enough to be neglected. The vibration levels that occurred at the test bridge have been shown to be

significant. The specific site conditions including grade, bump, and deck surface roughness, may cause large

vibrations of the bridge. 1n addition, the research conducted here strongly suggeststhat the close correspondence

between the fundamental frequencies of the bridge and the truck’s suspension can cause near resonance

vibration amplitudes.
2.4 BridgeData

The critical locations of the bridge for the fatigue analysis are determined by comparing the maximum stress
ranges calculated from simulations and field tests. For the uncontrolled service condition, the critical locations are
usually at the bottom flange of the girder near the middle points of the each span. For controlled load conditions, the
critical locations correspond (approximately) to the third points of the span.

2.5 Additional Notes

Theremaining safelifeisa more conservative life estimate, which provides a level of reliability comparable

to present AASHTO fatigue provisions of the bridge.

The Stress Range is determined directly from field measurements and/or simulation.
Standard Fatigue Trucks are used to represent the variety of trucks of different types and weights in the actual
traffic. The gross weight of a standard fatigue truck is 54 kips, with main axle spacings of 14' and 30'. The effects

of more than one truck on the bridge at a time was not examined here.



NCHRP 299 suggests that the Impact Factor* usually varies between 1 and 1.3 [1]. Also, the impact factor used
for fatigue evaluation is for the stress range rather than for peak stress. Because actual stress time histories were
employed in the study here, the impact factor was assumed to be 1.

Thefatigue evaluation is generally based on the Moment L oad Range caused by the passage of the fatigue truck
acrossthe bridge. The dynamic moment range [1] is used in this fatigue evaluation procedure, rather than the static
moment range typically used in the NCHRP Report 299 [1], or the maximum moment method used in general
procedures. (Note: The research here suggests that if the investigator prefers to rely on simulations using a fatigue
truck, then the smulation should include a typical suspension compliance on that fatigue truck to discover the extent
to which the bridge modes might couple with the truck suspension modes to produce near resonance vibrations.)

Reliability Factors are provided to assure adequate safety and consistent levels of reliability in calculating the
remaining safe life for different cases. Basic factors (1.35) are recommended for bridges with redundant girder
congtruction, which isthe type of design employed on the test bridge studied here. The corresponding probability that
the actua remaining fatigue life will exceed the calculated remaining safe life are about 97.7%. The reliability factors
used in this procedure were 1.35 and 1.0, which were used when calculating the remaining safe life and mean life,
respectively.

If the Compressive Dead L oad Stressis high enough so that essentially all of the stress cycles caused by normal
traffic are completely in compression, the fatigue life is assumed to be infinite (the calculated fatigue life exceeds the
design fatigue life of bridge, 75-100 years). This situation will occur only when the compressive dead load stressis
equal to the tension portion of the (factored) stress range caused by heavy trucks (e.g., 120 kipsin weight) traffic. For

thisestimate, it is assumed that the heaviest truck weighs twice as much asthe fatigue truck; less than 0.2% of

trucks weighs more than this value, and their passage over a bridge is strictly regulated.
If the maximum factored stress range in tension falls below the Fatigue Limit (3.58 ksi) for the steel girders of
this bridge, crack growth of the girder will not occur theoretically and infinite fatigue life of the bridge may be assumed

[1]. However, even if only one high stress cycle occursand itsstressrangeislarger than the fatigue limit, then

thefinite fatique life of the bridge will be deter mined.

It will be shown in alater section that the bridge being examined here fails to satisfy the infinite life check;
therefore, the Finite Remaining Life (in years), corresponding to the factored stress range, is calculated for alifetime
average truck volume.

Detail Constants are obtained for this bridge from the present AASHTO specifications [11].

The passage of the fatigue truck across a short-span bridge usually produces a complex Stress Cycle Per Truck
Passage that has two major peaks (corresponding to the main axles) and the shape of the complex cycle is obtained

from simulation and field tests. The stress cycles per truck passage are determined using the rainflow counting

! Footnote: The project test data suggests that the correct standards (NCHRP 299) are in serious error with
regard to the upper limit of 1.3 for the impact factor. That finding is discussed in alater section.
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technique applied to field measurements [3]. The net effect of the complex stress or moment cycles is represented by
an equivalent number of individual cycles.

The Lifetime Average Daily Truck Traffic (ADTT) for this bridge has been estimated using the Oklahoma
Department of Transportation (ODOT)-suggested present traffic volume at the site, the present age of the bridge, and
aprojected ADTT annual growth rate of 4%. The heavy truck volume at a site is presumed to represent 30% of the
ADT.
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CHAPTER 3

FIELD TEST ON THE WALNUT CREEK BRIDGE

3.1 Experimental Set-up

Thework plan at the Walnut Creek Bridge includes the multi-year monitoring of the bridge motion to determine
the effectiveness of a system of automatically controllable shock absorbers (SAVA) that have been mounted on the
bridge. A multi-channel sensor system has been installed on the superstructure of the Walnut Creek Bridge in order
to provide long-term monitoring of dynamic response of the bridge, and to validate the fidelity of the finite element
model (FEM) of the structure.

Three types of transducers were employed, including 42 channels of ICS piezoelectronic accelerometers, 12
channels of EA-series strain gauges, and 2 channels of potential displacement sensors (string pot). Most of the sensors
are Stuated on the bottom flange of W-shape beam (girder) to detect the vertical acceleration, the strain (stress), and
the vertical deflection of the superstructure. Figure 3.1 shows the layout of sensors on the bridge.

Traffic Direction

Accelerometers String Pots
™

ou i = ® - 2 A O [ _i
3433 th ) \ /7\/ é@

17’ N = LNy /7 & / [~ O

* A LR i S
Expanded Shoe ixed Shogs =33
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——100—

400°

Figure3.1 SensorsLayout on the Walnut Creek Bridge

A key consderation in the development of the sensor system was the environmental conditions at the bridge site.
Theintegrity of the components had to be assured in spite of the seasonal temperature changes. The temperature of
the west facing girder had been recorded at over 140 °F in mid August, and the joints in the concrete deck allow
torrents of rain runoff to soak the surfaces of the girder during the storm conditions. In order to protect sensor circuits
from high temperatures and moisture, PVC pipe was glued to the web of the girder with epoxy. Heat insulation
material was included in the pipe in order to reduce heat transfer to the sensor and circuit. Moisture absorbing
material was also added to each sensor cell to keep the circuits dry.

The acquisition of datafrom distant points on the bridge posed a severe problem. Conventional methods require
the detection of a sensor voltage output which is usually proportional to the measurement (e.g., 1 Volt equals 200 psi).
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Thelong wires represent a large resistance which reduces the voltage signal. Thisis a problem because many of the
sensors are located as much as 600" from the data acquisition system. One possible alternative is to transmit the data
from each of the sensors using wirelesstechnology. That approach is prohibitively expensive, given the large number
of sensorsinvolved. The CSC instead, developed an economical solution that relies on FM technology. The voltage
output at a sensor wasfirst converted to a proportional carrier frequency. While the voltage of the signal is subject to
amplitude loss, the carrier frequency remains undistorted. The data acquisition system then demodul ated the signal
to determine the actual voltage output of the sensor. The technique produces error-free readings. The CSC produced
printed circuit boards (PCB) to accomplish the design, which was based on analog devices AD650 F/M chip.

Figure 3.2 shows how the original signals are transferred and conditioned.

Strain Gauges (O——— Amplifier Converter of
String Pots (O— Sensor & Power Voltage to
Accelerometers (O————— Reference Frequency
Long Cables
Cnoverter of PC Based
Frequency Multiplexer Data Acquisition
to Voltage System

Figure 3.2 Signal Conditioning Network

3.2 Static and Dynamic Field Test

A large number of field tests have been conducted to establish the nature of the bridge/truck dynamic response.
Four different types of heavy trucks were involved in the field tests. They were a Water truck (weight 26.6 kips), a
Dump truck (weight 54.7 kips), aRock truck (weight 79.5 kips) and a 120K Heavy truck (weight 120 kips). The water
truck and rock truck were instrumented with accelerometers and displacement sensors for the purpose of identification
of truck dynamics and analysis on the bridge/truck coupling. Figure 3.3 depicts the truck's wheel load and axle spacing
pattern. A typical example of the type and number of truck tests conducted on a particular day isgiven in Table 3.1.
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Figure 3.3 Test Trucks Whedl Loads and Axle Spacing

Table 3.1 The ltems of Field Test Fulfilled on January 5, 1997

Test Plan & Truck Moved Lane Water Truck Dump Truck Rock Truck | Heavy Truck
Slow Motion Right + + + +
Left + + +
SAVA Right + + + +
Open Valves
Left + + + +
SAVA Right + + + +
Close Valves
Left + + +
SAVA Right + + + +
Control Valves
Left + + +

3.3 Field Test Results

Figure 3.4 shows the locations of the stress sensors (strain gauges), which were installed at the bottom flange of
the girder at locations noted. All the analytical and test results shown in the following texts will be described by
referring to this diagram.
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3.3.1 Sow Moation (Crawl) Tests. In order to understand the dynamic interaction of the bridge and truck, it is
essential to first establish a clear concept of the quasi-static effect that a vehicle has on the bridge. Once the quasi-
static responseis established, then that component of the total response at higher speeds can be subtracted out to yield
the dynamic component only. This approach assumes that for al practical purposes, the bridge can be considered a
linear system.

The results of asdect number of quasi-static (crawl) tests of the project vehicles are reproduced here. Figure 3.5
shows the strain gauge outputs of the bridge at different locations for each of the four test vehicles. In each case, the
truck traveled at approximately 1 mph in the right lane. One apparent anomaly worth pointing out is the nearly
equivaent stress levelsimposed by the rock truck and dump truck at the span centers of the center girder; this, in spite
of the fact that the rock truck GVW was 80,000 Ib while the dump truck GNW was 55,000 Ib. The difference in
wheelbase (rock truck @ 34 ft. and the dump truck @ 14 ft.) is the feature that most strongly affects this result,
exclusive of weight.

The result of crawl tests in the left (passing) lane using the rock truck is shown in Figure 3.6. The data there,
when compared with the result when the rock truck traveled in the right lane, suggests that the loading in the two
girders that are closest to the wheel |oads experience similar loads in spite of the different locations.

A second sequence of tests were conducted to establish the extent to which the SAVA system affects the quasi-
static behavior of the bridge. During the first stage of testing, the valves of the SAVA system were fixed open, and
the crawl tests were repeated. A close comparison of the strains measured in this test, with those measured during a
crawl test before the SAVA system was mounted, confirms the expected result; the SAV A system does not produce any
resstive moment at low speed. Thisisto be expected, since when the valve is open, the resistive force available from
the SAVA isfunctionally related to the relative velocity between the SAVA moment arms. At slow speed, the relative

velocity is essentially zero.
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Figure 3.5 StressResponse of a Crawl Test, Right Lane, No SAVA System
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Figure 3.6 StressResponse of a Crawl Test, Left Lane, No SAVA System

The next sequence of crawl speed tests was conducted with the valves on the SAV A actuators closed. When
the valveis closed, the SAVA assembly becomes in essence a stiffener. Figure 3.7a depicts time histories of the
stress measured at the center of the girders in the span, in which the SAVA are mounted. It is compared for the
valve open and valve closed. The results were obtained using the 5 axle rock truck (80,000 Ib, 34" wheel base) at a
1 mph crawl, traveling in the right lane. Figure 3.7b shows the position of the wheels relative to the girders. A
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catalog of peak stress range for each truck at the center of the west, central and east girdersis givenin Table 3.2,
when the test vehicles were traveled at crawl speed in theright lane. Table 3.3 gives similar test data, when the
test vehicles were traveled in the left lane.
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Figure 3.7a Stress Response of a Crawl Test, Right Lane, SAVA Control vs. SAVA Passive
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Table 3.2 Static Stress Range under the Different Truck Test (Trucks Moving in the Right Lane)

(psi)
Sensors (Strain Gauges) L ocation

Test Trucks

El E2 E3 E4 cCi1 C2 cC3 C4 w1l w2 W3 w4
Water Truck (25k) 879 1084 1188 1016 1222 1358 1415 1291 433 476 430 |/
Dump Truck (54.7k) | 1875 2127 2614 1741 2560 3107 2855 3078 886 813 737 /
Rock Truck (79.5k) 2668 2880 2985 2157 2392 2851 2785 3077 885 891 846 /
Rock Truck (79.5k) 2217 (975) 3118 2317 2419 (1837) 2822 3060 843 (623) 897 /
(with Valve Closed)
Heavy Truck (120k) | 3297 3497 4043 3599 3441 4026 4045 4323 1468 1393 1349 /

E --- East Girder, C --- Center Girder, W --- West Girder; Datainside () are from the span with SAVA

Table 3.3 Static Stress Range under the Different Truck Test (Trucks Moving in the Left Lane)

(psi)
Sensors (Strain Gauges) L ocation
Test Trucks
El E2 E3 E4 Ci C2 C3 c4 wl W2 W3 W4
WaterTruck (26k) 233 358 366 236 752 728 775 824 1161 1284 1327 |/
Dump Truck (54.7k) 533 696 725 427 1713 1651 1718 1664 3200 2583 2726 /
Rock Truck (79.5k) 614 753 830 517 1975 1888 1975 1930 3827 3024 3139 /

Heavy Truck (120Kk)

E --- East Girder, C --- Center Girder, W --- West Girder
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3.3.2 Dynamic Tedts. A large number of dynamic field tests have been conducted using each of the test vehicles.
Figure 3.8 depicts typical time histories for vehicle speeds at approximately 65 mph. In each casg, the vehicle traveled
intheright lane. The tests were conducted with two vehicles trailing the test truck. At a point two miles south of the
test bridge, the two trailing vehicles pulled along side of each other and deliberately slowed the following traffic to
approximately 55 mph. This allowed the test truck to cross the bridge (a4 second event) with along interval of time
before or after any other vehicle crosses the bridge. The closest vehicle was typically more than 30 seconds (2600
behind or ahead of the test truck. Thismade it possible to assure that the bridge was not in motion prior to the truck’s
entrance. It isnoted in the modd testing report that the modal damping for the system is approximately 1.0% to 2.5%
of critical. The data confirmed that observation; the bridge continues to oscillate long after the wheel loads have
passed. An examination of the qualitative nature of the plotsisingtructive. Note, first that the heavy (120,000 Ib) truck
excites very little vibration, relative to the peak load values. Also apparent in the heavy truck load response is the
double peak. This corresponds to the time delay that occurs between the passage over the center of the girder of first

the tractor tandem axles and then the rear axle set of the truck.
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Figure 3.8 Time Domain Samples of a Dynamic Test

Another observation that gives someinsight, isthat the ratio of the weights of the rock truck and heavy truck (2:3)
is approximately theratio of the maximum stress for both trucks. This suggests that, given similar axle spacing, the
bridge actslinearly. The maximum stress induced by the passage of the dump truck (3,000 psi) relative to the heavy
truck (3,400 ps) isdisconcerting. Recall that the dump truck weighs 55,000 Ib, with a wheelbase of 14'. If one groups
the heavy truck axles into three groups (steering axle, tractor tandems and trailer axles) and notes the distribution of
weight at each axle set (15,000, 50,000, and 55,000 Ibs), then it becomes evident that the load imposed by the dump
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truck (peak) is approximately equal to the load imposed by the heavy truck. One could note that the longer truck
produces two cycles of the maximum load.

Once the SAVA system was operational, a number of field tests were conducted to determine the effectiveness
of the control system. Figure 3.9 provides severa examples of how the untuned control architecture performed, relative

to the uncontrolled response. The stress range reduction for the heavier vehicles (Rock, Dump and Heavy) is

nominally 50% at those girdersthat carry the greatest portion of the moving load.

A tabulation of the maximum stress range values recorded for each of the testsis given in Table 3.4 (right lane
test) and Table 3.5 (Ieft lanetest). A careful study of the datain Table 3.4 raises a question. When the truck isin the
right lane, the center beam would normally be expected to see near maximum loads, which is generally the case.
Surprisingly, the east beam is seeing similar peak stress values. The anomaly is that when the control is invoked, the
largest (percentage) reduction is accomplished at the east girder. The reason for this was not clear at first. A thorough
check of the hardware revealed that there was no malfunction of the controller. Because the bridge torsion and bending
modes are close together in the frequency domain, then it is conjectured that the east girder realizes larger global
deflections when atruck travelsin the right hand lane. Had the truck been traveling at a crawl rate of speed, the center
beam would have realized the largest load. The difference between the static and dynamic loading, is that the
dynamic bending and tor son modes combineto produceincreased deflection at the outermost girders. Figure 3.7
isan overlay of the east and west girder response when the rock truck travelsin the right lane. A careful inspection
of the dynamic response indicates that the east and west girders are moving down under the static weight of the truck,

but are also vibrating out of phase; a clear indicator of the torsion effect.
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Table 3.4 Dynamic Stress Range under the Different Truck Test

(TrucksDriving in the Shoulder Lane)

(psi)

Test Trucks

Sensors (Strain Gauges) L ocation

E1 E2 E3 E4 Cl cC2 C3 C4 Wi W2 W3 w4
A. Water Truck (26k) 1368 1484 1750 1308 1341 1434 1905 1360 | 901 708 1022 /
B. Controlled 1363 (730) 1658 1331 1329 (1144) 1849 1389 | 1059 (584) 1016 /
A. Dump Truck (54.7k) 3943 2934 4488 3688 3755 3283 3918 4109 | 2373 1930 2408 /
B. Controlled 4046 (1497) 4511 3571 | 3823 (2569) 3880 4043 | 2410 (1613) 2364 /
A. Rock Truck (79.5k) 3759 3007 3876 3391 3710 3431 4244 3768 | 2852 1962 2408 /
B. Controlled 3806 (1509) 3963 3418 3765 (2474) 4183 3866 | 2965 (1505) 2474 /
A. Heavy Truck (120k) 3960 3506 4502 3813 4263 4585 4713 4682 | 2453 1853 2210 /
B. Controlled 3950 (1504) 4641 3936 | 4221 (3375) 4804 4527 | 2493 (1288) 2256 /

E --- East Girder, C --- Center Girder, W --- West Girder; Datainside () are from the span with SAVA

Table 3.5 Dynamic Stress Range under the Different Truck Test

(TrucksDriving in the Fast Lane)

(psi)
Sensors (Strain Gauges) L ocation

Test Trucks El E2 E3 E4 | Cl1 C2 C3 C4 Wil w2 W3 w4
A. Water Truck (26Kk) 612 555 879 580 | 1003 789 1088 1072 | 1425 1348 1790 /
B. Controlled 658 (435) 964 717 | 1025 (626) 1143 1106 | 1470 (1010) 1847 /
A.Dump Truck (54.7k) | 2232 2280 3676 2663 | 2308 2350 2726 3026 | 5953 3395 5271 |/
B. Controlled 2374 (1804) 3831 2809 | 2325 (1858) 2761 3048 | 5980 (2619) 5465 /
A. Rock Truck (79.5k) | 1525 1378 1800 1364 | 2373 2237 2805 2251 | 5258 3187 4255 |/
B. Controlled 1643 (810) 1810 1594 | 2508 (1560) 2783 2417 | 4963 (2028) 4233 |/

E --- East Girder, C --- Center Girder, W --- West Girder; Datainside () are from the span with SAVA
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Another series of tests conducted in May 1997 is presented here to emphasize the effectiveness of the SAVA
system. The truck (weighing 57,000 Ib) was traveled over the bridge first with the valves open in that mode. The
SAVA behaved like asimple shock absorber. Next, the oil was drained from the SAV A and the test was repeated with
the valves apen. With no ail, the SAVA offersno resistance. The results of the two tests are compared in Figure 3.10.
The data again confirms the observations made earlier. The SAVA, operated as a damper, has very little effect on the
maximum stress range (at the center girder) but it does achieve adramatic reduction of the oscillation that accompanies
the passage of the vehicle. The vibratory motion of the east and west girders are reduced considerably. It is noted that
apure stiffener would do little to damp out the residual vibration.

A test with the same rock truck was then conducted with the SAV A operational. The results for the case when
SAVA provides control, when the SAV A acts like a damper, and when the hydraulic oil is removed from the SAVA
are compared in Figures 3.11 and 3.12. The data indicates a 40% reduction of the peak stress range, irrespective of

which lane the truck travelsin.
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3.3.3 Impact Factor: Test Results. Figures 3.13 and 3.14 are the field test data in which both the dynamic and
static responses, at the same measurement points, are given. The impact is here considered as the ratio of the dynamic
maximum stress to the static maximum stress. For example, the rock truck moving in the right lane results in a 25%
impact factor, which is within the expected limits assumed by NCHRP 299. The impact factor at the east girder is
much higher than the NCHRP 299 guidelines would suggest (30%). A compilation of the impact factors that were
recorded for each of the test vehicles at the span center points of the east, central, and west girders, when the truck
travelsintheright lane, isgiven in Table 3.6. The impact factors measured when the vehicles traveled in the left lane
arerecorded in Table 3.7.

Referring to Table 3.6, what isimmediately obviousis that the SAVA control dramatically reduces the impact
level. A smilar observation is made with regard to the datain Table 3.7. Two general observations are also possible.
Firgt, the heavy truck appears to produce the smallest impact levels (less vibration). The maximum impact factor on
the center girder was produced by therock truck. Infact, in the two mid-spans (span 2 and 3), the rock truck produces
impactsthat are almost twice the maximum assumed by NCHRP 299. The results of the impact factor tests were used
in the fatigue analysis presented below.
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Table 3.6 Impact as a Percentage of Static L oad
(Trucksin the Right Lane)

(%0)
Sensor Location
Test Trucks
El E2 E3 E4 Cl C2 C3 ¢4 Wi w2 W3 W4
Water Truck (26k) 55.6 (36.9) 47.3 287 | 9.7 (56) 346 53 | 1088 (487) 137.7 |/
Dump Truck (54.7k) | 110.3 (37.9) 71.7 112 46.7 (5.7) 37.2 335 | 167.8 (137.4) 226.7 |

Rock Truck (79.5k)

409 (4.4) 299 572 | 55.1 (20.3) 524 225 | 222.3 (120.2) 1846 |/

Heavy Truck (120Kk)

201 (26) 114 595 | 239 (139) 165 83 | 67.1 (33.0) 638 /

E --- East Girder, C --- Center Girder, W --- West Girder; Datainside () are from the span with SAVA installed

Table 3.7 Impact As A Percentage of Static L oad
(Trucksin the Left Lane)

(%)
Sensors (Strain Gauges) L ocation
Test Trucks
El E2 E3 E4 Cl C2 C3 c4 W1l W2 W3 w4
Water Truck (26k) 162.7 (55.0) 140.2 145.7 334 (84) 404 30.1 227 (5.00 349 /
Dump Truck (54.7k) | 318.8 (227.6) 307.3 323.7 34.7 (42.3) 58.7 81.9 86.0 (31.4) 934 /
Rock Truck (79.5k) 148.4 (83.0) 116.9 163.8 20.2 (18.5) 42.0 58.3 40.0 (42.9) 66.6 /
Heavy Truck (120k) / / / / / / / / / / / /

E --- East Girder, C --- Center Girder, W --- West Girder; Datainside () are from the span with SAVA installed
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CHAPTER 4

FATIGUE EVALUATION PROCEDURE FOR THE TEST BRIDGE

This chapter providesfirst areview of the procedures that can be applied to determine the remaining fatigue life
of aprevioudy constructed bridge. Those methods are then employed to determine the probable remaining fatigue life
of each of the spans of the test bridge. The analysis contrasts the expected fatigue life of the bridge with and without
the vibration control system attached. This analysis includes a discussion of the procedures needed to calculate both
the remaining safe life and the remaining mean life of the girders of the bridge. The procedure was tailored for
application to the test bridge. That approach results in less uncertainty and hence, a more reasonable estimate of
remaining life. The fatigue life of the bridge increases remarkably with the application of the structural control system,
as the data demonstrates.

4.1 Fatigue Evaluation Procedure (per NCHRP 299): A Review

4.1.1 Scope. Thisevaluation procedureis applicable to virgin (uncracked and unrepaired) girders subjected to
primary stresses that are normally determined by simulation or field test. It does not cover the evaluation of repaired
or cracked girders.

4.1.2 Approach. The remaining fatigue life for a critical location is obtained by first determining a nominal
stressrange at that location for the truck traffic crossing the bridge and, then, calculating the life corresponding to this
stress range based on an estimated truck volume. Two different estimates of remaining life can be obtained: the
remaining mean life and the remaining safe life. These two different estimates of remaining life provide a useful
indication of fatigue safety and facilitate reasonable and cost-effective decisions regarding replacement, maintenance,
and the possible retrofit of an aged bridge with a SAVA system.

The remaining mean life reflects a 50% probability that the actual remaining life will exceed the remaining mean
life. The remaining mean life is the same for redundant and nonredundant bridge girder systems.

The remaining safe life provides ahigher degree of safety. The remaining safe life is different for redundant and
nonredundant girders, because different levels of safety are provided for the two cases. Specifically, the probability

that the actual remaining life will exceed the remaining safe lifeis 97.7% for redundant girders and 99.9% for

nonredundant girders. To achieve these desired levels of safety, appropriate reliability of safety factors are applied

to the stress range cal culated by the basic procedure. To account for improved analysis accuracy, a safety factor of 1.35
is applied for the procedure calculating the stress range. This safety factor, yields the same probability of failure asthe
basic procedure.

Theratio of the total mean fatigue life, in cyclesto failure, to thetotal safe fatigue life is constant for various cases
(different bridges, detail, etc.). Thisratio is about 5 for the redundant girders of this bridge. The ratio of the stress
range, corresponding to the mean and safe life, is equal to the cube roots of the ratios (1.71) for aredundant system.
The ratio of remaining mean and safe life in years is not the same as the ratio of the total life in cycles to failure,

because the life (in years) is not directly proportional to the number of cyclesto failure if acompound growth rate is
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involved, and the same number (age of the bridge) must be subtracted from the total mean and safe lives to get the
remaining mean and safe lives.

4.1.3 StressRange. The nominal stress range can be obtained either directly from the field testing or from the
calculated stress-range histograms obtained from the simulation of the dynamic response of the bridge using the
standard fatigue truck. The fatigue damage caused by a given number of cycles of the effective stress range is the same
as the damage caused by an equal number of different stress ranges defined by the histograms of stress spectrum. This

root-mean-cube formula (Miner's Law), Equation (4.1), is the basis for the AASHTO allowable fatigue stresses.

1
Sre = (Efi SSri)3 (4'1)

where f; is the fraction of stress ranges within aninterval i, S,

. isthe mid width of stressinterval i, and S is

the effective stress range.

4.1.4 Standard Fatigue Truck. The fatigue truck represents a composite of different types and weights trucks
that might be found in actua traffic. Asahigh percentage of fatigue damage to atypical U.S. bridge is done by 4- and
5-axle semi-trailers[5], the axle spacing and load distribution of the standard fatigue truck approximates the spacing
and load distribution for those multi-axle trucks. Measurements of actual trucks have shown that a spacing of 30'
between the main axles is representative of a composite truck. The dual axles on the semi-trailers are represented by
single axles on the standard fatigue truck.

The grossweight of the standard fatigue truck used in this evaluation procedure is 54 kips. Thisis an effective
weight that represents the actual truck traffic spectrum from recent (1981) WIM studies [1] that included 30 sites
nationwide and more than 27,000 trucks. The WIM measuring systems were undetectabl e to drivers and included some
overweight trucks not found in typical FHWA load meter studies. A higher grossweight than 54 kips may be used
to reflect real growth in truck weightswith time.

4.1.5 Impact Factor. For fatigue evaluations, the impact factor defines the increase in static stress range, rather
than the increase of peak stress, and is caused by dynamic effects. The impact factor used for fatigue is intended to be
an effective value that averages all trucks in the traffic, rather than a safe extreme value. Theoretically, the effective
value for a particular bridge could be obtained by a root-mean-cubed relationship similar to the relationship for
effective stress range, but a sufficient quantity of data would rarely be available to permit such a calculation.

The effective impact factor varies considerably from bridge to bridge. It is normally a function of the natural
frequency of the bridge or the span length of the bridge, the natural frequencies of the truck suspensions, and the
surface roughness and/or the “bump” at the entrance to the bridge. NCHRP 299 suggests then an impact factor of 15%
be used to represent an average value of the effective impact factor for bridges with a normal amount of surface
roughness, and agood joint at the bridge abutment. (The data obtained during the course of this project indicates that
the 15% guideline severely underestimates the actual conditions at the test bridge.)

4.1.6 Section Modules. The section modules of the girders can be abtained by dividing the moment of inertia

by the distance from the neutral axis to the expected crack initiation location in the girder. That section modules can
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then be used to calculate the stress range, S, if asimulation is used. The computed and measured stress values obtained
at the Walnut Creek bridge test site agreed closely. This was made possible because the FEM of the bridge and been
adjusted to reflect the modal test data, and the field measured position of the neutral axis.

For the composite deck construction, the computed section modules in positive bending regions should be
increased by 30%. The factored section modules reflects the section modules of the girders and deck combined. In the
test bridge, the 1st and 4th spans of the test bridge have effective composite section modules of 1390 in®, while the 2nd
and 3rd spans have reduced modules of 1140 in®. This difference reflects the common design practice of increasing
the flange thickness of continuous girders at the entrance and exit sections of steel bridges.

4.1.7 Reliability Factor. When calculating the remaining mean life, it is unnecessary to apply areliability or
safety factor to the calculated stress range, as this is the best estimate of the actual stress range. In contrast, when
calculating the remaining safe life, a reliability or safety factor should be applied to the calculated stress range to
achieve a desired level of safety; that is, a desired probability that the actual life will exceed the safe life. The
corresponding overall safety factor used for the redundant girder construction employed on the test bridge was 1.35
[1]. This factor incorporates the respective uncertainties of loading, analysis, and fatigue life.

4.1.8 FiniteLife. If the maximum stress range for a bridge (based on a fatigue truck analysis), when weighted
by the rdiability factor, is above the limiting value for infinite life, then the remaining fatigue life must be calcul ated.

4.1.9 Remaining Safe Life (NCHRP 299). The measured stress range of the Walnut Creek bridge for two test
truck is compared to S, in Table 4.1, where S, is the compressive dead load stress which can be employed to check
thefinitelife of ahighway bridge [5]. The remaining safelife (Y, , in years) or the remaining mean life (Y, in years)

corresponding to the factored stress range, R, x S, , can be calculated from

re’

fxKx10°

Y = -
TaXCX( Rsx Sre)

(4.2)

inwhich: T, = the estimated lifetime average daily truck volume; C = the cycles per truck passage counted using the
rainflow technique; a = the present age of the bridge inyears; R, x S = the factored stress range obtained from
testing or smulation; R = reliability factor; K = the detail constant; f = afactor to account for the difference between
the mean and allowable SN curves. Specific values of the parameters used in Equation (4.2) are defined in a later

section.



Table4.1 Infinite Fatigue Lives Checking of the Walnut Creek Bridge

Comparison of Scvs. Measured Stress Range (ksi)

Critical Points Dump Truck Rock Truck Finite Life Check Required
El 5.06 >A 493 >A Yes
E2 574 >B 5.28>B Yes
E3 7.06 >B 547 >B Yes
E4 470 >A 3.96 >A Yes
C1 6.91 >A 439 >A Yes
Cc2 8.39>B 523>B Yes
C3 7.71>B 511>B Yes
C4 8.31>A 5.64 >A Yes
W1 8.64 >A 7.02 >A Yes
W2 6.97 >B 555>B Yes
W3 7.36 >B 576 >B Yes
w4 / / /

Note: A = 3.60 ksi, the Sc for the 1st and 4th spans; B = 4.40 ksi, the Sc for the 2nd and 3rd spans.

The estimated lifetime average daily truck volume T, was calculated using reference [1], which relies on the
present truck volume, T, the present age of the bridge, a, and the compound annual growth rate, g. According to the
recent traffic investigation by ODOT, the total daily traffic volume in two-direction traffic is designed to be 18,800 or
9,400/day in one-direction (from 1970, 26 years ago). Assuming 30% of the traffic are trucks and 85% of those trucks
arein the shoulder or slow lane, then 9,400 x 30% x 85 % = 2,397. Assuming a growth rate of 4%, then the average
daily truck volume in the shoulder lane adjusted for future growth is: T, = 2,397x1.3 = 3,116.

4.1.10 Detail Constant K and SN Curve. The SN diagram has an endurance of fatigue limit, S, , whichisa
stresslevel below which the materia has an "infinite” life. When evaluating fatigue life, the "infinite" life of the bridge
isassumed to be 2 x 10° and the endurance fatigue limit is equal to 0.367 times the present AASHTO allowable stress
range for the design of the bridge [1]. When the factored stress range is below thisvalue, all of the stress cyclesin the
spectrum are bel ow the constant amplitude fatigue limit.

The test bridge fallsin the “C” category [1]. The mean stressrange, S, that the girders can sustain for a given

number of cycles, N, is given by
NS,® = A (4.3)
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Fisher et al., [18] proposed that the slope b be taken as 3.0 and also proposed values of A for each detailed
category, where A isthe intercept at 2,000,000 cycles. The value of A, together with the slope 3.0, defines the fatigue
strength of each category, and is the basis for the present AASHTO allowable fatigue stresses for that category. For
convenience in calculating the remaining life in years, a new detail constant, K, is used in the fatigue evaluation of

the bridge. K isrelated to A by the simple relationship:

K=—A 4.4
365x10° (44)

The value of K for the detailed category “C” is 12 [1].

The allowable and mean SN curve for a given detail are assumed to be parallel on alog-log plot. Consequently,
theratio of stress ranges for the two curvesisthe same at al cydlic lives. For Categories B through E', the ratio of mean
to alowable stress range does not vary greatly and averages 1.243. Because of the power of 3 in the fatigue Equation
(4.1), the corresponding ratio of mean to safe lives is equal to 1.92. The average ratio of mean to safe lives for
Categories A to Fis 2.05. Thus, thevalueof f whichisaconstant inthe SN equation, istaken as 2.0 while calculating
mean life in this fatigue evaluation of this bridge. The value of f is 1.0 for calculating the remaining safe life.

4.1.11 Other Modifying Factors. Usually, the corrosion factor is an important factor in considering the SN curve
of the bridge. For most sted bridges, thefatiguelifeis not significantly affected by corrosion. Therefore, corrosion
is not considered in the fatigue evaluation of this bridge. However, if there is some unsuitable design details and
unusua environmental conditions, then they can increase susceptibility of the bridge to corrosion. A study by NCHRP
(Project 10-22) details the relationship between corrosion of bridge members and fatigue life. This study was made
specifically for weathering steels, but most of the conditions that contribute to corrosion of such steels also apply to
painted steels. NCHRP project 12-18 [7], “Guidelines for Evaluating Corrosion Effects in Existing Steel Bridges,”
describes guidelines for evaluating corrosion effects in existing steel bridges.

4.1.12 Damage Summing Method-Miner’s Rule. To account for the damage accumulation caused in the past
years and to predict the remaining life of the test bridge, both the effective stress ranges concept and the linear damage
rule have been used here. The linear damage rule is commonly known as Miner’s Law. In Miner’s Law, the “cycle
ratio” isdefined as n/N, where nis the number of cycles at stresslevel S and N isthe fatigue lifein cycles at stress
level S; the damage fraction, D, is defined as the fraction of life depicted by an event or a series of events, and the
damage fraction, D,, at stress level S is equal to the cycle ratio, n/N;. Failure is assumed to occur when the

summation of damage fractions equals 1, or

YD =X1'>1 (4.5)

At any critical location on the test bridge, the damage fraction D, caused in the past years can be obtained from
the average daily truck volume (T, ), the past years (a), and the effective stresslevel (S,). For the uncontrolled case,

the effective stress level at this location was assumed to be the same in the future as in the past, its fatigue life (N) is
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a congtant. For the controlled case, the stress level is changed in the future, the fatigue life (N) will change also. Once
the damage caused in the past at the old stress level is accumulated, both the remaining live for the two cases can be
obtained based on using the old and new stress levels, respectively.

4.2 Rainflow Cycle Counting (A Review)

To predict the life of a component, it is necessary to reduce its complex load history into a number of events which
can be compared to the available constant amplitude test data. This process of reducing a complex load history into
anumber of constant amplitude events involves what is termed "cycle counting".

Rainflow counting has become a generic term that describes any cycle counting method which attempts to identify
closed hysteresis loops in the stress-strain response of a material subjected to cyclic loading. At present, a number of
rainflow counting techniques are in use. If the stress-time history being analyzed begins and ends at the stress value
having the largest magnitude, whether it occurs at a peak or valley, all of the methods will yield identical results.
However, if an intermediate stress value is used as a starting point, these methods will yield results that are similar but
not identical in all cases. While rainflow counting can be completed manually for relatively simple load historiesin
simulation, more complex loading histories, such as the field test results, the method is better implemented through
the use of computers. The following text reviews the rainflow counting method.

Thereversalsincluded in a complex cycle cause the same amount of fatigue damage as individual simple cycles
of the same size; therefore, the complex cycle is first decomposed into several individua cycles of different sizes that
are represented by an equivalent number of cycles of the same size. The method of decomposing the complex cycle
isthe key to the rainflow method.

The complex cycle begins and ends at the same moment, the base moment, which means the time history has been
removed from the effects of the offset and preload of the bridge. The complex cycle consists of three stages. Stage 1
is between the beginning and the minimum moment (or stress, strain and voltage output) of the cycle; Stage 2 is
between the minimum moment and the maximum moment of the cycle; Stage 3 is between the end and the maximum
moment. If the entire curve is above or below the base stress, Stage 2 does not exist.

The complex cycle can then be decomposed into a primary cycle and one or more higher order cycles. The
algebraic difference between the maximum and the minimum moment isthe moment range for the primary cycle. Each
higher order cycle begins and ends at the same moment referred to as the base moment for that cycle. Each higher order
cycle has one peak or valley, and the algebraic difference between this peak and valley and the base moment for that
cycle is the moment range for the cycle. A cycle of any order may include higher order cycles.

Within each stage, the primary cycle follows a path without reversal. When the path of the complex cycle reverses
within a stage, the primary cycle moves vertically to intersect its path at a later point. This vertical line is the base
moment for the next higher order cycle. Fatigue damage is proportional to the moment range, S, , cubed and the stress
rangeis proportional to the moment range. Thus, each higher order cycle makes (M;/M rp)3 times as much damage

asthe primary cycle, and the equivalent number of cycles (primary cycles) for acomplex cycleis
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Mrl * Mrz ° Mm :
N, = 1o (o) 4 (o) o () (46)

M, M, M,,

in which, M, is the moment range for the primary cycle, and M, is the moment range for a higher order cycle.
Thus, Equation (4.6) consequently neglects any effects of fatigue limit and the mean value of the moment on the
equivaent number of cycles.

The foregoing procedure can be clarified through the use of an example. Figure 4.1 shows a moment history and
the resulting count procedure in the rainflow counting methods. The following discussion describes the manner in
which each rainflow path was determined. As shown in Figure 4.1, the given moment time history begins and ends

at the moment value of greatest magnitude (point A). Rainflow isinitiated at each reversal in the moment history.

Figure 4.1 Rainflow Counting Demonstration

(1) Rain flows from A over B and D and continues to the end of the history since none of the conditions for
stopping rainflow are satisfied.

(2) Rain flowsfrom B over C and stops opposite D, since both B and D are local maximums and the magnitude
of D is greater than B.

(3) Rain flows from C must stop upon meeting the rain flow from A.

(4) Rain flows from D over E and G and continues to the end of the history ,
since none of the conditions for stopping rainflow are satisfied.

(5) Rain flows from E over F and stops opposite G, since both E and G are local minimums and the magnitude
of Gisgreater than E.

(6) Rain flows from F must stop upon meeting the rainflow from D.

(7) Rain flows from G over point H and stops opposite A, since both G and A are local minimums and the
magnitude of A is greater than G.

(8) Rain flows from H and must stop upon meeting the rainflow from D.
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Having completed the above, we combine events to form complete cycles. In this example, events A-D and D-I

are combined to form afull cycle. Event B-C combines with event C-B  (of moment range C-D) to form an additional

cycle. Similarly, cycles are formed at E-F-E and G-H-G .

Asapractical example, the rainflow counting process for one time history obtained from the test bridge, at the

point of Center Beam, North 350, isillustrated in Figures 4.2 and 4.3.1 thru 4.3.3.

First, the original time history was filtered, the offset was removed, the smaller moment ranges were neglected,

and finally the peaks and valleys were chosen (Figure 4.3.2).

Momsnt (Kps_In)

500

-500-

-1000

500
B /
0 777”””’”'”\/
=
d -
g 500 |
o | |
o |
£ W
[} »’\‘ |
= |\
N
-1000} | |
‘\ |
|
|
1/
il
-1500 . . Al .
2 4 5 8 10

Time (Seconds)

Figure 4.2 Test Sample, Peak-Valley Values

-1500|_

10

20 30 40
Peak Valley Point Order

Figure 4.3.1 Rearranged Peak-Valley Values

Peak Valley Point Order

Figure4.3.2 Counted Closed Cycles

39

500
0 _
= ..":
g
Do |
z [ ‘
8 (i ‘
5 - ¥
= "‘ i \‘
A w
-1o00[ | / |
|/ \
7
1 | § 0
| N
\ i A
1500/ 1
50 d 10 20 30 40 50



2000

7500

71000~

Moment (kips_in)

500

Hysteoresls (Closed) Cycle Order

Figure 4.3.3 Rainflow Counting Results

Next, the peak-valley history was rearranged as the beginning and ending at the moment value of greatest

magnitude (point A), and the points B and C were connected.
Findly, the effective cycle of this history can be caculated by substituting the valuesin Figure 4.3.3 into Equation
(4.14), and dl the effective cycles for different test trucks were obtained using the same procedure. They are listed in

Tables4.2t0 4.5.
Table 4.2 Effective Stress Cycles Via Rainflow Counting;
Uncontrolled Response (Right Lane, 65 mph)

Sensors (Strain Gauges) L ocation
Test Trucks El E2 E3 E4 Cl C2 C3 C4 | W1 W2 W3 w4
Water Truck (26k) 1.323 1.286 1.230 1.551 1.085 1.002 1.041 1.184 | 2577 1974 2127 |/
Dump Truck (54.7k) | 1.694 1.429 1.605 1.847 1663 1.063 1.161 1.212 | 3.519 2979 3.101 /
Rock Truck (79.5k) 1.264 1.728 1.917 1.857 1631 1.144 1.271 1.362 | 3.163 2479 3.018 /
Heavy Truck (120k) | 1.079 1.087 1.169 1.128 1.062 1.046 1.061 1.040 | 1.416 1.866 1.703 /

E --- East Girder, C --- Center Girder, W --- West Girder, / --- No Data
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Table 4.3 Effective Stress Cycles Via Rainflow Counting;
Uncontrolled Response, (Left Lane, 65 mph)

Sensors (Strain Gauges) L ocation

Test Trucks

El E2 E3 E4 Cl C2 C3 cC4 W1l w2 W3 w4
Water Truck (26k) 2.050 2.120 2.061 2.753 | 1.193 1.262 1.116 / 1.045 1518 1435 /
Dump Truck (54.7k) | 2.967 2.092 2.023 2.169 | 1.639 1.055 1.354 1.393 1.155 1.741 1.327 /
Rock Truck (79.5k) 1.186 1.126 1.500 2.223 | 1.004 1.005 1.027 1.012 1.003 1.006 1.020 /
Heavy Truck (120k) | 1.776 1.798 2.056 2.571 | 1.015 1.018 1.091 1.131 1.009 1.007 1.062 /

E --- East Girder, C --- Central Girder, W --- West Girder, / --- No Data

Table 4.4 Effective Stress Cycles Via Rainflow Counting;
Controlled Response, ( Right Lane, 65 mph )

Test Trucks

Sensors (Strain Gauges) L ocation

El E2 ES3 E4

C1 C2 C3 C4

Wi w2 W3 w4

Water Truck (26Kk)

1495 1.656 2.182 1.834

1.056 1.013 1.180 1.146

2265 2413 3.408 /

Dump Truck (54.7k)

1.864 1.547 1.974 1.856

1.130 1.207 1.189 1.172

2864 3.025 2197 /

Rock Truck (79.5k)

1.446 1.361 1.252 1.272

1.260 1.214 1.387 1.242

2763 2778 2871 /

Heavy Truck (120k)

1.079 1.087 1.169 1.128

1.063 1.028 1.080 1.065

1536 1910 1.763 /

E --- East Girder, C --- Center Girder, W --- West Girder, / --- No Data
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Table 4.5 Effective Stress Cycles Via Rainflow Counting;
Controlled Response, ( Left Lane, 65 mph)

Sensors (Strain Gauges) L ocation

Test Trucks
E1l E2 E3 E4 C1 Cc2 C3 C4 W1l w2 W3 w4

Water Truck (26k) 2211 2523 2.314 2.258 | 1.143 1.021 1.133 1.301 | 1.064 1.082 1.065 /

Dump Truck (54.7k) | 2.617 3.084 2.674 2902 | 1.491 1.675 1.778 1.715 | 1.307 1.407 1251 /

Rock Truck (79.5k) 1.308 1.159 1.195 1518 | 1.007 1.010 1.017 O 1.003 1.013 1.013 /

Heavy Truck (120k) | / I I / / / I /

E --- East Girder, C --- Center Girder, W --- West Girder

4.3 Remaining Fatigue Life of Walnut Creek Bridge

The purpose of this section is to demonstrate the effectiveness that the SAV A has on the fatigue life remaining
of the test bridge. The projections are based entirely on the measurements obtained from field tests conducted
at thetest bridge.

Three different tests were employed:

(1) pre SAVA (prior to installation of SAVA),

(2) post SAVA-Passive-SAVA system operated as a system of simple non-adjusting dampers, and

(3) post SAVA-Semiactive-SAVA system operated as a system of automatically adjustable stiffness/dampers.

In each case, acdlibrated truck was traveled over the bridge at or near the posted speed limit. As described above,
the test was conducted with escort vehicles, which were used to slow down vehicles behind the test truck. The traffic
control made it possible to have the truck on the bridge without other vehicles. In fact, there were no other vehicles
on the bridge for 10 seconds before the truck reached the bridge and for an additional 10 seconds after the truck had
completely traversed the bridge.

What is important to note is that the trucks used represent a spectrum of the vehicles that typically cross the
bridge. The dynamic response of the bridge to each truck passing was recorded and used directly in the remaining life
formula, Equation (4.1). What is produced is a comparison of the projected life remaining between the SAVA
uncontrolled and controlled operation of the bridge. In each case, the basic parameters are f =1 (for the remaining
sefelife) or f =2 (for theremaining mean life); K =12; T, =3116; and R, =1.0 (for the remaining mean life) or
R, =1.35 (for the remaining safe life). The cycle count C islisted in Tables 4.2 through 4.5. The results of the
remaining life analysis are listed in Tables 4.6 through 4.9.
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Table 4.6 Remaining Safe Life (Ys) Evaluation,

Based on Water Truck, Dump Truck, Rock Truck, and Heavy Truck Dynamic Test (Years)

Critical Points El E2 E3 E4 C1 C2 C3 C4 w1l w2 w3 w4
Water Truck (26.7 klbs)
No Control 369.6 2447 1765 3531 4805 2145 1611 4192 6765 4408 5615 /
Controlled 368.8 (2614) 2105 335.7 493.7 (855.2) 1756 391.1 406.8 (3334) 5665 /
Dump Truck (54.7 klbs)
No Control -139 -805 -170 -125 -121 -110 -852 -114 -042 149 1.62 /
Controlled -148 (2138) -173 -114 -127 (385 -812 -10.7 -146 (664) 294 /
Rock Truck (79.5 kibs)
No Control -8.0 -124 148 -9.1 -11.2 -137 -131 -91 -71 0.4 12 /
Controlled -85 (167.7) -154 -9.6 -119 (368 -12.7 -105 -80 (1105) 0.0 /
No SAVA -152 -17v8 -179 -147 -170 -174 -17.2 -13.7 -136 -106 -9.6 /
Heavy Truck (120 klbs)
No Control -161 -337 -182 -106 -187 -183 -195 -176 -143 150 -11.8 /
Controlled -16.1 (260.6) -189 -120 -185 (-6.73) -198 -16.7 -148 (96.1) -12.6 /

Note: The data shown in parentheses is the fatigue life at the points of span with SAV A installed.



Table 4.7 Remaining Mean Life (Ym) Evaluation,
Based on Water Truck, Dump Truck, Rock Truck, and Heavy Truck Dynamic Test (Years)

Critical Points El E2 E3 E4 C1 c2 C3 C4 w1 w2 w3 w4
Water Truck (26.7 klbs)
No Control 1917 1307 966.9 1836 2461 1154 890.8 2159 3424 2266 2862 |/
Controlled 1914  (12963) 1134 1753 2526 (4306) 962.8 2022 2098 (16495) 2887 /
Dump Truck (54.7 klbs)
No Control 295 584 143 365 386 437 561 420 959 1053 107.0 /
Controlled 262 (1150) 132 420 356 (283.0) 581 453 908 (424.8) 1125 |/
Rock Truck (79.5 kibs)
No Control 58.7 371 253 531 428 307 334 532 629 9.1 1041 /
Controlled 559 (923.0) 222 510 397 2741 355 466 589 (640.9) 983 /
No SAVA 214 92 82 239 126 107 117 286 289 433 480 |/
Heavy Truck (120 klbs)
No Control 225 84 122 497 100 118 6.08 156 318 1757 437 |/
Controlled 229 (1385 9.9 429 111 (688) 430 200 290 (5746) 396 [/

Note: The data shown in parentheses is the fatigue life at the points of span with SAVA installed



Table 4.8 Remaining Safe Life (Ys) of Walnut Creek Bridge,
SAVA No Control vs. SAVA Controlled (years)

Critical Points E2, Difference C2, Difference W2, Difference
Water Truck
No Control Ys 2447 214.5 440.8
Controlled Ys 2614 2369.3 855.2 640.7 3334 2893.2
Dump Truck
No Control Ys -8.10 -11.0 1.49
Controlled Ys 213.8 2219 385 49.5 66.4 64.9
Rock Truck
No Control Ys -12.4 -13.7 0.40
Controlled Ys 167.7 180.1 35.8 49.5 1105 110.1
Heavy Truck
No Control Ys -3.37 -18.3 150
Controlled Ys 260.6 264.0 -6.73 11.57* 9.1 81.1

*The SAVA control system is not very effective to the heavy truck which has small dynamic impact
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Table4.9 Remaining Mean Life (Ym) of Walnut Creek Bridge,
SAVA No Control vs. SAVA Controlled (years)

Critical Points E2, Difference C2, Difference W2, Difference

Water Truck

No Control Ym 1307 1154 2266

Controlled Ym 12963 11656 4306 3152 16495 14229
Dump Truck

No Control Ym 58.4 43.7 105.3

Controlled Ym 1150 1091.6 288.0 244.3 424.8 319.5
Rock Truck

No Control Ym 371 30.7 99.1

Controlled Ym 923.0 885.9 274.1 2434 640.9 541.8
Heavy Truck

No Control Ym 85.4 11.8 175.7

Controlled Ym 1385 1299.6 68.8 57.0 574.6 398.9

4.4 Observations
What is most obviousisthat the SAVA contral system effects atremendous change in the projection of remaining

life for every vehicle tested. That is the entire point of the exercise. It matters not what truck is used, the increase

inthe safelifeis no less than 50 years. One might wonder what the outcome might have been had a standard fatigue
truck been used in the test. Of course, the standard fatigue truck (used for design) does not include a compliant chassis.
Thetest results at the bridge make it very clear that no matter what kind of suspension used, the dynamic interaction
of the bridge and an actual truck produces actual impact factors that are 2 to 5 times larger than that suggested by
NCHRP 299. On the other hand, the data presented here produces far more conservative results than the hypothetical
fatiguetruck. Infact, the 57 klbs dump truck, with a 14' long wheel base produces a dynamic response that will always
produce loading conditions that exceed any fatigue truck analysis.

The essential observation isthat the controlled SAVA system can extend service life by a minimum of five

decades.
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Introduction

The development of aretrofit control technology for bridge could only be accomplished with a clear understanding
of how heavy trucks interact with the structure when they travel over the bridge. Described in this section are various
findings and observations about truck and truck/bridge dynamics that were used ultimately to craft an effective control
design for the SAVA system. We first review the results of quasi-static crawl tests for various trucks. Next, observations
are made on the dynamic response of the bridge when those trucks cross the bridge at/or near the posted speed limit.
Next we describe the process used to model the very important chassis compliance of atest vehicle. We then present
comparisons of the smulated response of the bridge/truck with actual field data. Next we describe the results of certain
field tests that indicate the very strong coupling that naturally occurs between the truck chassis and the bridge. The
section closes with experimental evidence that proves that when the SAVA system is used to control the bridge, the
degree of dynamic coupling between the truck and the bridge is substantially reduced.

1. Crawl Tests

Four trucks were used to test the bridge quasi-statically. Figure 1.1 presents the wheel loading and axle spacing
of these four trucks. Thewater truck and the dump truck are owned by ODOT. The rock truck is owned by Cleveland
County, OK, District 2, and the heavy truck is owned by Dolese Brothers Inc. of OKC. The guasi-static tests were
conducted with traffic control provided by ODOT and the Oklahoma Highway Patrol. Traffic was stopped just prior
to each test. The trucks were traveled in the right lane at approximately 1 mile/hour. The test results are shown in
Figures 1.1 thru 1.4. The time traces are the scaled output of the strain gauges mounted at the bottom flange in the

center in each span of the east girder.
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Thistest data, dong with the modal test data (see Subrepot # 2) was used to tune and validate FEM of the bridge.
2. Dynamic Truck Testing

Almost all of the truck tests were conducted at or near the posted speed limit (70 mph). Those tests were
conducted with vehicles that dowed down trailing traffic to 50 mph. This made it possible to drive the test truck across
the bridge with no other vehicles on the bridge. Tests were conducted in both the right and Ieft lanes of the two lane
bridge. The tests were conducted prior to installation of the SAVA system. Tests were also conducted after the SAVA
system was installed. Four modes of SAV A operation were tested:

(1) With contral,

(2) With the valves open (the SAV A actuator acts like a ssmple viscous damper in this mode),

(3) The valve closed (the SAVA system becomes a fixed stiffener), and

(4) With the fluid drained from the actuator (the SAV A system provides no resistance to the vibration; this mode

is equivalent to not having the SAVA system installed).

The results of those various tests were used in the modal analysis, the control design, and the fatigue analysis. Limited
space makes it impossible to reproduce anything but a few examples of the test results. The data presented here
provides a typical example of time histories obtained when the vehicles were traveled over the bridge prior to the
installation of SAVA. The results are posed so as to indicate the actual impact levels that occur.

Presented here are the scaled output of various strain gauges. Figure 2.6 from Subreport #2 is reproduced here

to show the strain gauge locations.
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The rock truck was tested in the right lane. The recorded stress at the bottom flange of the center girder in the
middle of thefirst span of the bridge is shown in Figure 2.2. Next, we decompose the response in Figure 2.2 into the
mean valve (Figure 2.3) and the vibratory component (Figure 2.4). Figure 2.5 is a comparison of the mean value with
the time history of the crawl test for this truck measured at the same location. The comparison suggests that the mean
comparison is close in magnitude to the static load. Using this decomposition, then we can establish a reasonable idea
of the impact factor for atruck at the various locations on the bridge. For example, the impact level at C, for the rock
truck isbased on the ratio of the maximum vibratory stress range (1,500 psi) and the quasi-static stress range (2,500
ps). Theratio is 0.6. Recall that NCHRP 299 suggests a maximum of 0.3. We note that when the truck travelsin either
lane, the central girder experiences the smallest impact relative to the other girders. As an example the stress history
at the east girder in the 1st span at the center of the girder (E1) is shown in Figure 2.6 for the rock truck test. The
decompodtion of the signal into a quasi-static and vibratory component is shown in Figures 2.7 and 2.8. The impact
level isthen | = (1050-(-1100)) / (650-(-1500)) = 1.
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The dump truck used in the tests also exhibited significant vibratory dynamics. The stress measurement at location
El for a right lane test is shown in Figure 2.9. The decomposition of the time trace into mean and vibratory
componentsis shown in Figures 2.10 and 2.11. Figure 2.12 provides a comparison of the mean and quasi-static tests

results at that location. The apparent impact factor was 1=2.0.
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The heavy truck response exhibited less oscillation than the lighter trucks. Figure 2.13 is the stress time history
at E3, and Figures 2.14 and 2.15 are the mean and vibratory components of the stress. Figure 2.16 depicts a comparison
of the quasi-gatic stress versus the mean stress at that point. The apparent impact ratio is approximately 0.25. Aside

from the weight and wheel base differences of the three trucks, the only other significant difference between the

vehiclesis that the heavy truck had no compliance in the suspension. The results indicate that a truck suspension

design is a significant component of a truck vibration response. The next section recounts the methods used to

identify plausible dynamic models of the suspensions of the trucks used in the testing.
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3. Truck Modeing

A dynamic modd of the suspension of each of the test vehicles was devel oped to conduct the design analysis. The
moddling of atruck suspension typically begins with an in-plane analysis of afull vehicle. In most cases, that model
isthen able to be smplified to asystem of so called quarter vehicles, each representing the significant compliance and
mass components at each axle group. We begin by describing the full vehicle analysis and use the rock truck as an
example. A seven degree of freedom kinematic structure was assumed. The pitch angles remain small, which justifies
alinear model. It isassumed that relative motion occurs between tractor and trailer at the fifth wheel.

A test system was setup on the rock truck to validate the mathematical model. Figures 3.1 and 3.2 show the
sensor layout and truck geometry in the truck test.

Figures 3.4 and 3.5 indicate the compliance model of the truck chassis. The rear tandem is treated as asingle

axle.
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Each axle group is represented as an unsprung mass. The vehicle is characterized by seven generlized coordinates,
five vertical displacements z to z, and z; and two rotations (6, t00,). The coordinates Z,,, Z,, Z, and Z,, are

the absolute positions of the bridge deck at the point of tire contact; these are referred to as the road profile.
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The spring and the damping forces of the truck suspension systems can be obtained from the geometric



relationships and expressed as follows

Flzkl{_zl+25_del}+cl{_zl+25_del}

Fp = kz{ Lt 4 - (d—a)61}+02 -2, + 25 - (d-2)0,

Fo=kf -2 +2 + (b-d0, } + ey -2, + % + (b-d)B,

Fo=ky -2z +2 +(cd0,} +c -2 +2% + (cdb, (3.1)
Fs=ks(zy —2Z ) +C(2 — 2y )
Fo=ki(z ~2p) + (2% - 2y)
Fo=ki(z —2Z5) + (%4 - 2y)
Fo=Ke(2zy -2y ) +C(2 -2y)

Using the above relationships, the following system of governing differential equationsis obtained

mlé =F -F

ngz =F, - Fg

msﬁa =F; - F

m,2, = F, - Fg 3.2)

(Mg +mg)Zs - m5(d_?1)él + mg(e, _d)éz = —(Fy+F,+F53+F))
{3as + mg(d-e)? }8, - m(d-e) = oF, + (d-a)F, + ([d-D)F;
{JGG + my(e,-d)? }62 + my(e,-d)% = (d-O)F,

We next cast the equationsin space format with x; thru X, representing the five translations and two rotations.

The component Xg thru x,, are the velocities defining.

X = EX + FX, (3.3)

_ T
X = {Xl Xy X3 X4 X5 Xg X7 Xg Xg X109 X113 X12 X13 Xgg }

[0]
<4
[0] [ 1]
7x7 7 r | T
E=| | , F=| M'C (34)

Ml’lA1 Ml’lB1 -
0]

M, 1A M, 1B [
2 2 2 2 3x4
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Theentriesin E and F aregivenin Table 1 at the close of this Subreport.

The sdlection of parameter values was guided by published data on the truck’ s chassis components and by testing.
The processrequired atrial and error procedure. The parameters that were found to provide a best fit to the test data
arelisted in Table 2. The eigenvalues of the model are

( -2.2974 + 13.2530i
-2.4488 + 10.0070i
-1.7078 + 9.7754i
€9(A) _ ! 15721 + 9.3764i (35)
-0.1529 + 1.5670i
-0.1215 + 2.6782i
~0.2764 + 2.2427i

4. Test Smulation of Road/Truck Dynamics
The damped natural frequencies of the various inertial components are:
» Steering axle 13.45 Hz
e Tractor tandem axle #1 10.29 Hz
« Tractor tandem axle#2 9.92 Hz
* Rear tandem axle 9.51 Hz
e Pitch mode, tractor 2.26 Hz
e Pitch mode, trailer 1.52 Hz

+ Heave mode entire truck 2.68 Hz

Recalling that the first three modes of the bridge are 2.55 Hz, 2.95 Hz and 3.3 Hz, then the result here raises a
seriousissue. The heave and pitch modes of the truck are extremely close to the fundamental frequencies of the bridge.
When the truck chassis is vibrating, it will resonate with the bridge producing dynamic deflections that are not
accounted for in the codes that describe bridge design or analysis. The result istypical for al of the vehicles tested. (We
note, however, that the trailer pitch mode decreases with wheel base). It is also worth noting, that we have analyzed
four plate girder bridges along 1-35 with spans ranging from 80 feet to 125 feet and find that all of those bridges have
first modes between 2.6 Hz and 3 Hz. Thisis a serious problem.

In order to smulate the response of the system, aroad profile characterized by white noise with a constant RMS
velocity was employed. A time history of the road profile is shown in Figure 4.1. Figures 4.2 thru 4.3 depict
comparison of various transfer function of the system for the simulation versus actual experimental tests (conducted
on 1-35 near the Walnut Creek Bridge).

11
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Table 4.1 Parameter in MatricesE and F

X, = 14,4, %, 2]"
Xz = [25, Xev )'('7]T
Z =12, 2 % 2, %, X X"
Z =(z,2, 2, 2, Z, X5 X'
Zy = [z, Zpps Zgs Zgdl"

mg +m, -mg(d-e,) mg (e, —d)
M, = . M, = | -mg(d-g) Jgs+ms(d-e;)? 0
mg (&, -d) 0 Jge *Ms (&, -d)?

o o o
o o 3
o 3 o

S o o

-(c, +cg) 0 0 0 c, cd 0
0 -(c, +cy) 0 0 c, —C,(d-a) 0
0 -(c;+c,) 0 C; Cy(b-d) 0

0 0 0 -(c,+cg) ¢, 0 c,(c-d) (4.5)

(K +ke) O 0 0k kd 0
0 (k) O 0 k, k(da O
0 0 ~(ketk;) O Ky kyb-d) O
0 0 0 (k) k, 0  k(c-d)
85 85 853 85 855 8 gy b, b, Dgg Dg, Dss beg by
A, =3y 3 33 3y 85 3 5 |, B, =| b by Dgg Dy bgs bgg by
87 8z 873 8y g By gy by, bz, by by b
ke 0 0 0
0k, 0 0
0 0k, O
0 0 0 kg

where the elements of amatrix A, are

14



8 =C v 85 =G, 85 =G
85 = C » 8g5 = ~(C +Cy*C3+Cy)
a,, = ¢ d+c,(d-a)-c,(b-d) , a;, = -c,(c-d)

8y = Cd, 8y = C(d-a), a5 = ~C;(b-d)

ay, =0, a = c,d+c,(d-a)+c,(b-d) (4.6)
8gs = ~C,d%-C,(d-a)>-c;(b-d)* , ag = 0

a, =0, a,=0, a,=0, a, = -¢,(d-0)

as = c,(d—c), az =0, a, = —c,(c-d)?

and the elements of amatrix B, are

b, =k by, = Ky, bgg = kg

1 L
b, = Ky, bgg = —(ky +k; +ks +k,)
bss = k;d+k,(d-a)-ks(b-d) , bs = —k,(c-d)

by, = K, d, by = Ky(d-a) , by = ky(b-d)

=

bey = 0, bgs = k,d+k,(d-a) +ks(b-d) 7
bgs = —k,d?-k,(d-a)" -ky(b-d)* , by = 0
b, =0, b,=0, b Bry = ~Ky(d=0)

o
|

3 = 0,
s = K,(d-¢), b, =0, b, = —k4(c—d)2
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Table 4.2 Dynamic Parameters of the Truck Model

Symbols Unit Vaue Symbols Unit Vaue
m, Kg 250 (o N/sec/m 6.13et+3
m, Kg 544 C, N/sec/m 8.75e+3
m, Kg 500 (o N/sec/m 8.75e+3
m, Kg 794 C, N/sec/m 1.75e+4
Jos Kg-m? 5.26e+3 Cs N/sec/m 8.75e+2
N Kg-m? 6.3e+4 Cs N/sec/m 1.75e+3
k, N/m 2.63et5 c, N/sec/m 1.75e+3
k, N/m 3.68et+5 G N/sec/m 3.5e+3
Kq N/m 3.68et5 a m 4.064
k, N/m 2.36et5 b m 5.359
ks N/m 7.88et5 c m 10.414
Ke N/m 1.58e+6 d m 4572
k, N/m 1.58e+6 e m 1.83
kg N/m 3.15e+6 e m 7.49
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5. Test vs. Smulation of Bridge/Truck Dynamics

Tests of most of the vehicles on the bridge suggest that a ssmple quarter car model at each significant axle

group can sufice for a dynamic model of the truck. The quarter car model is shown in Fig. 5.1. The compliance

parameters aswell as the sprung and unsprung mass values can be established from the truck manufacturers literature.

The quarter car model neglects the pitch modes of the vehicle. The longer the truck, the lower are the pitch mode

frequencies.

Once the FEM of the bridge was completed then it
was used to simulate the response of the different test trucks
used. In each case quarter car models were used to represent
thetruck. A comparison of the simulated and experimentally
measured response for each of the four trucksis shown in Fig.
5.2. The differencesin the tracesreflect the fact that the initial
conditions of the trucks actual dynamics are not known. The
results verify the appropriateness of asimplified chassis model

for the trucks.

r M (Spremg Mass)

Ks Cs

(Suspension)

Zu (Unspramg Mass)

Figure5.1 A Quarter Car Model
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6. Bridge Truck Coupling

Thislast section of Subreport #4 provides an indication of the effect that the SAV A control system has on atrucks
principal models of motion. We have reported in an earlier section that the rock truck has at least two modal
frequencies that are very close to one or more of the bridges modal frequencies.

Thetegting of the instrumented rock truck produced data that provides some insight. Figures 6.1 and 6.2 are fast
Fourier Transformers (FFTs) of the accelerometer mounted on the rear axle, and the accel erometer mounted on the
trailer body above the rear axle. Each figure contrasts the response spectra first when the truck is traveling on an
arbitrary section of the road. Next the FFTs of the response with the truck on the bridge with the SAVA system
operating in the control mode and the passive mode are shown. Figure 6.1 indicates that the axle dominate mode is
attenuated when the truck is on the bridge. Similar comparisons are made in Figures 33. Figures 32 and 33 also
confirm that the control effects a substantial reduction of the absolute acceleration of the axle and the trailer body. This

of course reflects the fact that the bridge vibrates less when the control is used.

1
Bridge (with control)
— Bridge (w/o control)
0.8 - —— Road 7
= 0.6 .
=
-]
=
.% 0.4 A
Q
o
<
02 ‘ .
[+} =
o S 10 15

Frequency (HZz)

Figure6.1 Comparison of FFT of Rock Truck Test, Controlled vs. No Control

& Truck on Road, Acceleration Measured at Rear Frame
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Figure 6.2 Comparison of FFT of Rock Truck Test, Controlled vs. No Control

& Truck on Road, Acceleration Measured at Rear Axle

Closure

This Subreport described the dynamics of the vehicles used in the testing. The quasi-static response of the bridge
was first presented for each of the four trucks. Next, the dynamic response of the bridge to the passage of atruck at the
posted speed limit was discussed. A description of the process used to determine a dynamic model of atractor trailer
was aso provided. The truck models were then used with the FEM of the bridge to verify test data. Finally, the spectral
response of atruck was examined to determine the effect that the control mode of the SAVA system has on the trucks

motion.
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ABSTRACT

The service life of highway bridges has been decreased because of dynamic loads induced by heavy truck traffic.
A program of research isbeing conducted by Center for Structural Control, the University of Oklahoma to extend the
fatigue life of highway bridges by retrofitting them with Semiactive Vibration Absorbers (SAVA).

The report describes the design and performance of the SAVA control system which has been installed on
Walnut-Creek highway bridge of 1-35 near Purcell, Oklahoma. The report first describes the control logic design

developed for this project. Next the results of field tests are reviewed to demonstrate the effectiveness of the design.



CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Introduction

A semiactive vibration absorber is an energy storage and dissipation device. The energy is produced by the
vibration (deflection and velocity) of the bridge. The vibration is a direct byproduct of the passage of vehicles over the
bridge. This report describes the development, installation and field testing of a Semiactive Vibration Absorber
(SAVA) for bridges. The system congsts of aload transfer assembly and a controllable hydraulic cylinder. The report
describesthe SAVA system, the control logic and hardware that were employed. The performance of the SAVA system
is discussed in detail.

1.2 Reviewsof theLiterature

1.2.1. Bridge Dynamics. Research on the dynamic response of bridges subjected to moving vehicle loads date
back to the work of Jeffcott [17] in 1929. In that early study, the vehicle was modeled as a traveling load, and the
effects of the suspension dynamics were neglected. Recently, more sophisticated vehicle models that include
suspension dynamic have been employed. Veletsos [30], for example, presented the results of simulations of the
coupled bridge-vehicle system. His system modd included the significant structural compliance. Patten et al., [1] has
also examined the coupled bridge/vehicle dynamics and extended that analysis to the treatment of the bridge vibration
control problem.

1.2.2. Bridge Control Theory. One of the earliest attempts to address the possibility of active control applications
to structures was made by Chubbier [30] in 1960. Soong [19] recently reviewed research in the structural controls area.
The practicd issue of how to configure an active bridge control system was posed by Abdel-Rohman [28] in 1980. The
kinematic arrangement proposed there is similar to that utilized on the test bridge. Their work differsin that they
proposed an active (powered) control system. A more recent examination of the active control problem for highway
bridges was recently authored by Lin and Trethewey [29]. The semiactive control of a bridge was first discussed by
Patten et a., [1]. That work demonstrated that if a semiactive system was designed properly, it can achieve mitigation
levels similar to those achieved with active control.

1.2.3. Semiactive Vibration Dampers. Since Karnopp [3] first introduced the concept of semiactive automotive
suspensions in 1973, there have since been hundreds of papers authored that address semiactive automotive control,
including the control of suspension shock absorbers, semiactive motor mounts, and semiactive seats. A recent review
of semiactive automotive technology was offered by Ivers and Miller [32] 1991. There are three types of semiactive
(SA) actuators underdevelopment. Patten [15] has described the physics that governs the use of a hydraulic SA
actuator. He presented laboratory results that confirm the important effects caused by compressibility, air entrainment,
nonlinear flow and the coupling between the hydrodynamics and the structural dynamics. Lemaire [33] has recently
reported progress on the development of acasual model of the actuator dynamics of a semiactive damper that employs
elector-rheological (ER) fluid. Spencer [20] has described similar progress in the development of an adjustable damper
that employs magneto-rheological (MR) fluids. ER fluids and MR fluids offer an alternative means of quickly



restricting flow, without requiring the mechanical manipulation of avalve. Imposing a magnetic field in the area of
a constriction can increase the shear modules of these fluids many orders of magnitude. The fluid can in effect be
turned into a solid in milliseconds. This prevents flow through the orifice. ER and MR fluid dampers may provide
a cost effective aternative to hydraulic SA dampers, if various parasitic problems can be overcome. Both fluids for
example tend to loose their desirable characteristics if they remain dormant for any length of time. In addition, MR

fluids are abrasive, and high cycle loading tends to wear the cylinder components out prematurely.



CHAPTER 2

CONTROL DESIGN

This section first describes the dynamics of the bridge/vehicle/actuator system. Next, the techniques used to
establish a control law for the SAVA system are presented.
2.1. Motion Equations of the Bridge

Thefinite dement (FE) method was employed to produce a dynamic reduced order model of the bridge structure.
The modd assumesthat the motion consists of planer displacements and rotation only. Thisisin contrast to the full
finite lement model (FEM) of the bridge developed for modal analysis purposes. In spite of the pronounced skew of
the bridge, the modal analysis of the field test data indicates that the maximum out-of-plane motions are less than 5%
of the maximum in-plane motions, thus justifying the use of a simplified model. The bridge motion equations, can

be written as

My + Colyp + Kyl = Tu +d(t) ; yeR™ (2.1)

where M, C,, K, are mass, damping and stiffness matrices of the bridge. y is a vector of the globa nodal
displacements and rotations. u is the vector of control force. T' is a mapping (matrix) between the generalized
coordinatesy and the control inputs u. d(t) represents the exogenous external inputs to the bridge (the truck wheel

loads). We next write Equation 2.1 in state space form

X = Ax + Bu + D(t) (2.2)

0
M, T

A =

o
(2.3)

M, K, -M,C, de)

The matrix A isreferred to asthe plant, B isthe control input and D the disturbance.

Equation (2.2) represents alinear nontime varying system. It provides the setting for the determination of a best
control u that drivesthe state of the system x to its equilibrium (static) position in the face of the unknown disturbances
D(t) . Thedesign of that control will be discussed in alater section.

In order to employ Equation (2.2) in adesign study it isimportant to restrict the size of the matrices A and B
(or equivently ,M,, C,, ,K,). Recall that the full FEM of the bridge had over 4,000 DOF. In order to establish a
workable model, a reduced order model of the bridge is required. Modal reduction methods are available, but the
presence of the damping in the system makes that approach problematic. The approach taken in this study was to



introduce a course grid of finite elements (a master-dave approach) and generate a smaller model, taking care to match
the modal characteristics of the full model (see Subreport #2 for a complete discussion of this topic).
2.2 Truck/ Bridge Dynamics

The system mode reflectsthe reality that it is virtually impossible to characterize the vehicle disturbances. One
can measure the response of the bridgein a straight forward fashion. Measurements that define the time varying load
imposed by the tires on the bridge were not available for this study. On the other hand, one can analyze the
effectiveness of a control design by constructing an analytical model of a vehicle and reformulate the disturbance in
terms of the compliance of the bridge/tire interface. Recall that the vehicle model (see Subreport #4 ) can be described

generally as

MZ + CZ + Kz=k(f.y - 2) (2.4)

where y isthe absolute motion of the bridge deck at the point(s) of interface between the tire and the superstructure.
The expression represents the forces applied by the bridge to the tire. Those same forces must then act on the
superstructure, with equal magnitude and opposite sign. The coupled bridge/truck system equations of motion can then

be written as

M + Colyt + Koty = -Kly - F(t)z + Tu (2.5)

Mz + Cz + Kz=Kly - F(t)z} (2.6)

where K is the compliance of the tires, and F is atime varying transformation between the isolated points on the
bridge structure where the tires are located at any moment and the entire global vector of the bridges generalized
coordinates.

The system can then be written as

My + Cy + K*y = B*u (2.7)
where
M, O C, O Kp+rg®) 0
- = = (2.8)
0 M, 0 C 0 K.-g(t)

Defining the state vectorr = [y, y] T, then the sate space form of the bridge/truck mode! is

4



r = A()r + Bu (2.9)

Thetime varying nature of the plant matrix makes the use of Equation 2.7 impractical as a design tool, but it can be
used to simulate the performance of the bridge truck system for a given control law. The physics that govern the
semiactive actuators (SAVA) are discussed next.

2.3 SAVA Dynamics

The governing differential equation for a semiactive damper is

AP = —aA V., -ySgn(AP)A %|AP| (2.10)

where «, yare parametersand V, isrelative velocity of actuator piston, signisasign function, A, isthe orifice area

of the control valve which is bounded by the inequalities

Avmi n Av Avmax (2.11)

Here, A =0and A, isthe maximum orifice area possible.

Vvmin

Noting that the relative velocity across an actuator can be related in a routine way to the generalized coordinates

of the bridge FEM. Then we can write Equation (2.10) as

AP, = ~aA G z-y,SON(AP)A, | 2[AP| i=12.... (2.12)
p

where the subscript i is indicitation of the ith actuator. If we define the vector of differential pressures as
AP = {AP,, AP,,......}, then
- _ =__ ) —_— i —
AP = -aA,Gz ysgn(AP)A‘B p|AP| (2.13)
= -aA,Gz+g(AP)A,

We now combine the actuator equations with the system equation. Defining Z = {z, AP} and noting that

u=LAAP (2.14)



where L isthe moment arm length and A, isthe area of the actuator, then it can be shown that the combined bridge

and actuator dynamics takes the form
X = A*X + BgX)A, + d (2.15)

where X isthe vector of global nodal displacements of the bridge along with the differential pressure.
2.4 Controller Design

For the purpose of the discussion here, A is assumed to have unique eigenvalues with negative real parts,
indicating that the bridge/actuator system is inherently stable. A Lyapunov control design isused. The following

instantanious form is selected

V = XTQX (2.16)

where Q> 0. The quadratic function represents a form of the kinetic and potential energy of the system. A good
control design will manage to dissipate the system energy that is caused by the passage of a vehicle (the disturbance
d). Thedissipation rate is obtained by differentiating V

V=X"QX + XTQX (2.17)
Substitute Equation 2.13 into Equation 2.15, then
V=XT(ATQ+QA)X + XTQBg(X)A, + XTQd (2.18)
The object of the control design is then to maximize the negativity of V or
max {-V} (2.19)
Because A has negative eigenvalues, then it can be shown that Q can be selected to force the expression

ATQ + QA =P (2.20)

to be negative. That guaranteesthat the first term on the right hand side of Equation (2.18) is always dissipative. The
last term on the right hand side of Equation (2.18) reflects the disturbances effect on the total dissipation. We cannot
control the disturbance; instead, the control is designed to dissipate any energy imparted by the disturbance. The last

expression isthere for irrelevant and is neglected.



In order to assure the dissipation of energy, then the second term on the right side must be prevented from

becoming positive. That goal is achieved by selecting a valve area setting (A,,) in accordance with the following rule

_ A i XTQBg(X) <0, i=1,..N

A Apin If XTQBg,(X) = 0 (2.21)

This simple rule guarantees that the SAV A actuators are always operating to reduce the amount of energy being stored

in the bridge. Block diagram of the control is shown in Figure 2.1.

Control Law

Figure 2.1 Block Diagram of Lyapunov Control Law

The selection of an appropriate Q for the design is not straight forward. That selection process was accomplished by
atrial and error method, using simulation to adjust the entries in the matrix. The resulting control law is referred to

as a bistate control.



CHAPTER 3

TUTORIAL
Examples of the SAVA design is provided here. First, a simple Pin-Pin girder is adopted with section properties
identical to those that define the test bridge girders. We assume that the SAV A has been attached, and that a truck

with a suspension travels over the bridge. In the interest of simplicity we assume a quarter vehicle model (single axle)

of thetruck. Because the girder is Pin-Pin, then a50' long SAVA assembly (Figure3.1).

Semiactive Hydraulic Damper

Figure 3.1 Simple Beam Bridge Coupled with Truck Layout

The static weight of the quarter vehicle was 79.5 klb. The truck is assumed to travel at 65 mph. The deflection time

history (viasimulation) is shown in Figure 3.2.
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Figure 3.2 Deflection of Simulation Controlled vs.



While the reduction of maximum deflection is obviously beneficial, the objective of the control design is the
reduction of stressrange and stress cycles. If that is accomplished, then the remaining fatigue life of the structure can
be prolonged. The stress at any point isindicated by the second derivative of the deflection. In order to get reasonably
good estimates of the moments at a point, the Finite Element Mesh must be small. Figure 3.3 shows the moment time
history at the center of the girder.
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Figure 3.3 Moment TimeHistory at the Center of the Girder (Bottom Flange)

Figure 3.4 depicts the maximum moment for each point along the bridge for the entire time history. The result

indicates that simple control law reduces the dynamic stress range considerably.
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Figure 3.4 Maximum Moment Distribution

Next, the response of a continuous 400" girder. with intermediate supports at 100" intervals, issimulated. A 30' SAVA
assembly is assumed to be mounted in the third span (Figure3.5).



Bridge -

Semiactive Hydraulic Damper

Figure 3.5 Four Span Bridge Coupled with Truck Layout

Again, the parameters used to define the components in this example match the actual construction.

The moment time history at the center of the third span is shown in Figure 3.6
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Figure 3.6 Moment Time History at the Center of the Third Span Girder

Figure 3.7 depicts the time history of the control command, and the maximum moments at each point in the
controlled (3rd) span are shown in Figure 3.8. Figure 3.9 depicts the moment at every point along the girder when
thetruck is a the center of the controlled span. The data indicates that the SAVA mounted in a single span, can effect
areduction of moment in the other spans as well. The application of the SAVA system to the test bridge is discussed

next.
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Figure 3.7 The Valve Orifice Time History of the Actuator
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CHAPTER 4

CONTROLLER IMPLEMENTATION

Figure 4.1 depicts the reduced order model of the bridge that was used to accomplish the real time control of the
system. It consists of 11 nodes (22 degrees of freedom).

Figure 4.1 Reduced Order Control Bridge M odel

Two groups of sensors are used; those associated with each of the actuators, and those associated with the bridge
superstructure. Each actuator was outfitted with pressure sensors (2), an LVDT to measure the stroke of the actuator
piston and an encoder to monitor the position of the valve. Five strain gauges mounted at points 1, 2, 3, 4 and 5 on
the bridge girders were also used. There are less sensors than degrees of freedom (DOFs). This required the
development in software of an observer to estimate the unmeasured nodal deflections and rotations. The control system

isshown in Figure 4.2

= Amplify Board

= Filter

Figure 4.2 Control System L ayout
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A PC was used to collect al the control sensor outputs, except the encoder outputs. The new values of the valve orifice
area (A,)) were computed at each update of the control step. The desired was then transmitted to an Intel® 196
microcontroller mounted near each of the actuators. The microcontroller then provided a closed loop control command
to the valve motor. The position of the value was feedback to the microcontroller and the microcontroller then
automatically adjusted the value position to the desired final position. The time required to move the valve from open
to closed pogition or vice versawas less than 15 milliseconds. The sensor layout at the SAVA is depicted in Figure 43.

P1

| A =8

U Ppiston Cylinder

to Moment

—

LVDT

Figure 4.3 Assembly of an Actuator

A flow chart of the algorithm is shown in Figure 4.4.
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Figure 4.4 Flow Chart of Experimental Control Program

4.2 Field Test Results

The first test discussed here was conducted in November, 1996. A rock truck was used in the test (See
Subreport #1 for description). The test was conducted to determine the passive (uncontrolled) performance of the
SAVA system versus the performance of the bridge prior to the installation of SAVA system. When the valve on a
SAVA isfixed open, the SAVA actslike asmple fluid damper, providing some resistance to flexure as a truck passes
over the bridge. Figures4.5 and 4.6 depict the strain time histories at the bottom flange for three girders at the center
of the span in which the SAVA was mounted.

Thetruck wastraveling at 65 mph in each test, vehicles traveling behind the test truck slowed the following traffic
down, making it possible to have the test truck cross the bridge without any other vehicles on the bridge. An inspection

of the dataindicates that the SAVA when operated as a passive damper, does provide some reduction of the maximum
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stressfor those girdersthat are not located near the wheel loads. The passive damper has very little effect on the stress

induced in the girders that are proving primary support. The conclusion is that passive dampers are ineffectiveasa
means of extending service life.
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Figure 4.5 Strain Comparison Without SAVA vs. Passive, Rock Truck in the Right Lane
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Figure 4.6 Strain Comparison Without SAVA vs. Passive, Rock Truck on Left Lane
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4.3 Controlled Response

Severd field tests have been conducted at the bridge to examine the performance of the control system. The tests
were needed to debug the design of the controller. The results of atest conducted in April, 1997 are reproduced here
to demondtrate the closed loop performance of the SAVA system. Thetest included four trucks. Figures4.7 thru 4.11
indicate the controlled and uncontrolled response for each of the test truck. Figures 4.12 depicts the differential
pressure in one actuator, the stroke of the piston and the time history of the control command when the heavy truck
passed over the bridge.
4.4 Closure

Therea time histories of the controlled and uncontrolled response of the bridge provided the basis for the fatigue
life study (see Subreport #1).
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CONCLUSIONSAND RECOMMENDATIONS

Part 1: Modal Analysis. The success of the research project hinged in large part on the fidelity of the finite element
model (FEM) of the test bridge. The model was necessary to verify the current condition and capacity of the
supergtructure, and to provide abasis for the analysis and design of the adaptive muscle structure (the SAVA System)
that has been installed at the site. The model also provides a comprehensive picture of the effect various design
features have on the service life and load capacity of the bridge. For example, the CSC has been able to determine the
effect that skew has on the stress |oading and vibration response of the bridge. The FEM has also made it possible to
study the out of plane coupling that arises between a skewed bridge deck and the piers, when the piers are cast
perpendicular to the center line of theroad. Field tests verify the FEM prediction that significant motion occurs about
the wesk axis of piers of skew bridges. That action islikely to reduce the load-carrying capacity of pier pile caps and/or
to promote scower. The CSC...

1. recommends that study of the skew effect on bridge service be undertaken.

Once the results are verified for one or two additional skew bridges, then work should be conducted to study
potential ways of mitigating the problem. A new bearing detail that allows some elastic lateral deformation is one
possible mode of remediation.

The FEM of the test bridge can a so be employed to gauge the significance that lateral stiffeners have on service
lifeand vibration. There is some concern that those elements pose aweak link in the design of plate girder systems.
A forma study, using the Walnut Creek Bridge model, should be conducted to explore the trade off that occurs when
those stiffeners are either reoriented (parallel with the skew) or removed. A very preliminary examination of the
guestion has been conducted by CSC. One concept that emerged from that investigation was the possibility of replacing
therigid stiffeners with a damper/stiffener assembly. That design would reduce local stress, while affording forces that
resist the “out of plane” vibration of the girders when a heavy truck passes over.

The validated FEM was essential to the design of the bolt connections between the girder flange and the SAVA
moment arm. The “zoom” feature of the code allowed the team to examine the stress distribution at each bolt in the
assembly, rather than relying on rule of thumb guidelines for their design. Essential to that bolt design was the need
to assure a no-dlip condition between the SAVA assembly and the girder. The FEM indicated that the best way to
achieve that goal was to rely on the friction developed between the SAV A/girder joint and to utilize tapered bolts.
Twenty-five percent of the bolts in the coupling assembly were tapered.

During the course of the project, it was discovered that there is not a commercial FEM code available that is
capable of smulating the dynamic response of the bridge when trucks travel across. Trucks have suspensions, and the
extremely important resonance condition that has been found to exist between a truck and the bridge, can only be
predicted if the coupled dynamics of the bridge/truck system is able to be simulated. The CSC spent a good deal of
time developing a software package that can achieve that simulation, but it is not a user-friendly code. As the need
to develop bridge-friendly truck suspensions grows, there is going to be a corresponding need by bridge engineers for

software package that can be used routinely to conduct those studies.



The current crop of commercially-available FEM software is also unable to provide a means of testing structural
control designs for a structure. The CSC team has developed a copyrighted “c” code that utilizes a reduced order
model of the bridge, based on the full FEM that makes it possible to simulate the bridge/truck dynamics, in
combination with the simulated operation of the hydraulic structural control system. That software code was a key
component in the design and analysis of the SAVA system.

The development of a high fidelity FEM of the test bridge was only possible because of the modal testing that was
done. The CSC has installed over 60 sensors on the Walnut Creek Bridge. Thirty-two of those sensors were
accelerometers that were used in the model testing effort. (Funding for the modal testing sensor system was provided
by the U.S. National Science Foundation.) A survey of the literature suggests that the sensor system installed on the
Walnut Creek Bridge is perhaps the most accurate and sensor dense application to a bridge in the world. The high
accuracy was aresult of the development of a unique frequency modulated (FM) signal conditioning design that makes
it possible to transmit sensor outputs over long distances, while assuring 99% accuracy (see text). All the electronics
integral to the design were designed and fabricated by CSC engineers. It may be possible to patent and commerciaize
that system. We will await ODOT’ s recommendation on that.

The robustness of the sensor system design is dlso significant to possible future investigations. The entire system
has been weather-proofed and requires very low maintenance. Itisour...

(2) recommendation that the sensor system installed on the Walnut Creek Bridge be used to provide the basis

of along term health monitoring trail test at the bridge.

Other efforts that are underway around the nation to demonstrate the benefits of a bridge health monitoring
system are now finding that the integrity and resolution of the sensor system is absolutely essential if small changes
in the performance of a bridge are to be detected over long periods of time. The system at the Walnut Creek Bridge
meets and exceeds that criteria.

Recent work by the CSC team indicates that it is possible to accomplish an accurate modal test with as few as four
to eight accelerometers. (The number varies with the span length and number of spans.) The modal testing was also
a success, because of the very unique and portable modal drop hammer that was designed and built by the CSC. A
thorough review of the bridge modal literature indicates that the characteristics of the modal hammer used on the
Walnut Creek project are far superior to, and much less expensive, than the alternative systems being used by others
doing modal test research.

Thefact that only afew accelerometers need to be used, that they need only be mounted during a modal test, and
the portability of the impact hammer, indicate that the modal testing of a bridge could be conducted in a very short
amount of time (perhaps a day). The only time traffic control would be needed is when the drop hammer testing is
done (approximately 3-4 hrs.), Critical decisions about load-carrying capacity and condition of an existing bridge
should be made with afield-verified FEM of a bridge. The project results indicate that the technology needed to
conduct that verification isrelatively inexpensive. The Pl has formed a company that will offer bridge/structure modal
testing and FEM verification services to the DOT’ s in the Midwest.



Part 2. Fatigue Analysis. The estimate of remaining safe life for the span of the Walnut Creek Bridge, that has the

control system mounted on it, indicates that the SAVA system adds a minimum of 50 years to the bridge. Those
estimates are based on the use of field test data. That estimate is very conservative. An estimate based on the standard

fatigue truck with assumed worst case impact values, suggests an increase of over 150 years of safelife.

The research at the test bridge suggests that the assumptions made in NCHRP 299 are not well founded. For
example, that guideline suggests that for design/analysis purposes, the static load of a fatigue truck need only be
multiplied by 1.15 to reflect the most probable impact due to truck traffic. The guideline suggests that in extreme
circumstances, amultiplier of 1.3 be used. The field data obtained, using four different trucks, indicates that the true
impact levels are almost always greater than 1.6. For two of the trucks, the impact level at every point on the bridge
was greater than 2. The Ontario Highway Bridge design code suggests that the impact factor be increased to 1.5, when
the bridge fundamental frequencies correspond to truck chassis fundamental nodes (2 Hz. to 5 Hz.). The Swiss bridge
code recommends an increase to 1.8 under the same conditions.

Therea problem with NCHRO 299 isthat it relies on astatic andlysis, with correction factors suggested to reflect
the dynamics. The CSC strongly...

(3) recommends that the analysis of service life for bridges be accomplished via dynamic testing and dynamic
simulationsin order to gauge the important effect of elastic coupling and resonance that occurs between trucks
and bridges that have fundamental modes between 2 and 5 Hz.

Part 3: Truck Dynamics. The significance of truck suspension dynamics to the assessment of fatigue life has been
pointed out above. The CSC spent considerable effort to understand the mechanisms that describe a truck’ s suspension.
A truck was instrumented, and the data obtained was used to construct a dynamic model of a truck’s suspension.
Simulations, using the model, agree with the test data obtained during the project. The truck and suspension model
were used in conjunction with the verified FEM of the bridge, to enable a design analysis of the SAVA control system.
The design would not have been possible otherwise.

What is not clear, is what type (or combination of suspension types) is most bridge-friendly. The CSC...

(4) recommends that a study be undertaken to determine which passive suspension designs produce the least
bridge impact.

It isnoted that a suspension that provides isolation of the truck load (the freight) is likely to shed undesirable
dynamicsto thebridge. It isasoimportant to note that the same study could and should also examine what suspension
configuration is the most pavement-friendly. The two criteria may not be congruous.

The technology that the CSC has developed to reduce bridge vibrations is an outgrowth of work that was
conducted (successfully) to develop a smart semiactive (low power) suspension control system for vehicles. The CSC...
(5) recommends that a project be conducted to demonstrate the concept of an intelligent highway bridge.

The bridges would be outfitted with a few vibration sensors and a microcomputer, which would have RF
communication capability. When a truck equipped with a smart suspension crosses the bridge, then the bridge

microprocessor would broadcast to the truck’ s chassis computer the fundamental frequencies of the bridge. The smart



truck suspension would then react by adjusting the compliance of the suspension in order to prevent the truck from
vibrating at a similar frequency.

A preliminary study showsthat the Intelligent Highway Bridge (IHB) concept will reduce future vibration impact
damageto an existing bridge. The cost of the system is very small, relative to a SAVA system, and the design would
add approximately 15 to 20 years of additional life to a healthy bridge. On the other hand, the SAVA system will
always provide much more deflection and stress reduction, because it adds both stiffness and damping to the structure.
A controlled truck suspension would effect only the degree of impact.

It is also important to note that the project did not examine the impact problem associated with multiple truck
loading. Field testing indicatesthat it is absolutely wrong to assume that a simple superposition of single truck effects
suffice to describe the multi-truck loading. The most aggressive dynamic response occurs, when the truck load pattern
is such that the torsion and bending modes of the bridge are fully excited. When that occurs, the displacement is much
larger than expected, and the residual vibration continues for many more cycles then is typical of the pure bending
response. (Thisis because thereis essentially zero damping in the torsion modes of the bridge.) The CSC...

(6) recommends that a thorough study of the mixed truck pattern effect on bridge dynamic loads be conducted.

Simple distribution factors do not account for this serious load condition.
Part 4: SAVA Control System. The SAVA system installed on the Walnut Creek Bridge operates within 15% of
the expected (analytical) performance prediction. The project demonstrates that the technology is well founded. The
concept relies on the very smple truth that a smart muscle, attached at appropriate points on a girder, can dramatically
reduce the peak deflections and stress. The design flattens out the moment diagram, distributing the stress to other
parts of the girder that have experienced very little fatigue causing stress over the preceding service life of the bridge.

The hardware design proved to be somewhat conservative. The maximum control forces realized were
approximately 25% less than was designed for. This suggests that a somewhat lighter assembly may be possible. The
electronics proved to be problematic, but the fina ingtallation resolved many of the problems. The CSC has determined
that a much ssimpler electronics package could deliver as much as 95% of the utility of the present design, while
requiring much less engineering development. The next SAVA system attached to the bridge will utilize that improved
design.

Thefidld testing madeit clear that the SAV A system can operate with as few as three sensors per actuator. That
dramatic reduction of sensor count does much to raise the reliability of the electrica system. The CSC has
demondtrated that it is possible to monitor the control system from a remote location using cellular technology. The
circuitry used for that purpose was developed by CSC. Remote monitoring makes it possible to determine the need for
field maintenance without realizing the cost of an on-site inspection. The CSC is now developing a simple detector
technology that will automatically turn the SAVA control on when atruck is detected. The system is otherwise turned
off, saving the batteries that will be relied upon to power the syssem when in full use. (The system is now operated only
when field tests are being conducted.)



The installation of the SAVA system required no traffic stoppage. It did require the cooperation of ODOT in
making the work site approachable. ODOT also provided transportation to the bridge of the heavier components of
the system. Theingtdlation was unusual, in that it relied upon a system of temporary monitors attached to the bridge
girdersthat were used to travel the SAV A system to the appropriate location under the bridge. Chain falls were used
to raise the assembly into place.

With suggested improvements, a SAVA system should require only occasional maintenance (perhaps once every
year or two) to recharge batteries and re-pressurize the actuators with hydraulic oil.

The only criticism to date of the system, is that the current design protrudes too far below the bottom flange of
therest bridge. The concernisthat the reduced freeboard may result in debris making contact with the assembly that
could produce a side load that, if unresisted, might damage the SAVA assembly and possibly the girder itself. The
present SAVA system has been outfitted with alatera stiffener system that essentially eliminates the possibility of tree
limbs or other debris from causing any significant damage.

The next generation of SAVA will be tested on the Walnut Creek Bridge in 1998-1999. That design will seek
to increase the freeboard clearance. Work is now underway to develop a design that can be tucked up between the
girders.

With the presence of sensors on a bridge to detect motion and strain, there is the strong possibility that the sensed
signas could be used to determine tire loads, axle weights and payload weight of atruck within 1% of the actual value.
While that information is not needed to make good control decisions, it could be used to assemble a very accurate time
history of the loads that a bridge undergoes. The CSC...

(7) recommendsthat ODOT commission a study at Walnut Creek to devel op the software necessary to measure

the number, frequency and amplitude time history of truck loads on the bridge.

That data would be used to develop a very precise estimate of the remaining safe life for the bridge. The data
would be unique, in that it would be the first time that dynamic loads on a bridge would have been recorded accurately
over along period of time. Weigh in motion studies are generally inaccurate (more than 5%), and the real issueis not
just weight, but the very substantial dynamic loads and their time history. The study may reveal a new approach to
the estimation of the effect that truck traffic has on service life.

Closure

The project makesit clear; SAVA control isaviable method of remediating bridges that are near the end of their
sarvicelife. Using the most conservative estimate possible, the system can add at least 50 years of service to a bridge
that will otherwise have to be replaced. This new technology promises to provide at least an interim solution to the
decaying bridge infrastructure problem facing America.

One question often asked is, “what effect would SAVA have on a new bridge.” The question deserves an
examination. It may, for example, be possible to reduce the amount of structure needed to afford the safety and load
capacity required from adesign. The question deserves to be studied.

The project resultsindicate that the retrofit of abridge with SAVA will make it possible to routinely traffic trucks

with much heavier axle loads, and possibly shorter distances between axles. That is especialy so, if the truck is
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equipped with an automatically, adjustable suspension. (The investment in that feature represents a fraction of a penny
per ton mile of freight hauled.) The CSC...
(8) recommends a study, supported in part by the Trucking Industry, to explore the possibility of increasing the
maximum permissible truck weightsiif the vehicle is outfitted with an appropriate suspension.
The reduction of deflection and vibration that results from the use of the SAVA bridge control system must
necessarily reduce the amount of concrete deck that is needed for bridges. The CSC...
(9) recommendsthat a study be performed that relates the level of deflection reduction of SAVA to the amount
of maintenance monies saved by reducing the frequency of bridge deck repairs.
Finally, the CSC...
(10)recommendsthat the Walnut Creek Bridge control system be linked to the 1-35 Ethernet. That connection
would make communication with the bridge very convenient. 1t would also provide an excellent means of monitoring

the real time loading and truck traffic at any remote site also connected to the Ethernet.
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