University of Nevada, Reno

Instrumentation and Dynamic Characterization of the Galena Creek Bridge

A thesis submitted in partial fulfillment of the
Requirements for the degree of Master of Science in
Civil and Environmental Engineering

By
Tiffany M. Carr

Dr. David H. Sanders/Thesis Advisor

December, 2012



THE GRADUATE SCHOOL

Uindverity of Mevada, Rena

We recommend that the thesis
prepared under our supervision by

TIFFANY M. CARR
entitled
Instrumentation and Dynamic Characterization of the Galena Creek Bridge

be accepted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE

David Sanders, Ph. D, Advisor
Ian Buckle. Ph. D Committes Member
John Louie, Ph. D Graduate School Representative

Marsha H. Bead. Ph. D, Dean. Graduate School

December, 2012




Abstract

The Galena Creek Bridge is a concrete arch bridge that was completed in 2012 as part of
the I-580 freeway in Northern Nevada. The research in this report covers the instrumentation
and in—field experiments conducted to characterize the dynamic properties of the structure in

its baseline condition.

A system of accelerometers was installed for this project in the superstructure of the
bridge and several experiments were performed to determine its basic dynamic characteristics.
Live loading through the use of construction haul trucks produced excitation in the vertical
direction. An eccentric mass shaker was then used to excite the bridge transversely.
Acceleration data collected from these experiments was compared to predictions from
analytical models built for the project. The truck live loading was difficult to recreate through
dynamic modeling. The comparison between experimental data and analytical data shows that
the analytical models typically underestimate the acceleration values experienced by the real
bridge. From the mass shaker data, basic modal properties were calculated, and a reasonable
correlation is seen between the experimental data and analytical data. The damping of the

structure was calculated from the experimental data to be 2% vertically and 3% transversely,

typically.

The instrumentation system will now serve as a permanent health monitoring system
for the bridge. Future experiments may be performed and compared to the results presented
here to determine any changes that may occur in the bridge’s properties. Additionally, the

monitoring system will be able to capture the structure’s behavior in seismic events.
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Chapter 1: Project Background and Objectives

1.1 Project Introduction

Construction work began in 2003 on a new section of freeway to connect the communities of
Reno and Carson City in Nevada. Known as the 1-580 Freeway Extension, the project comprises
8.5 miles of new roadway and nine new structures. The new roadway meets current freeway
standards and will help alleviate the heavy commuter traffic flowing through several small
residential valleys. The Galena Creek Bridge is the largest structure in the project with seven
spans, a concrete cathedral arch, and a total length of 525 m (Figure 1- 1). With the inherent
complexities of this bridge, the Nevada Department of Transportation (NDOT) took a vested
interest in gaining a better understanding of its behavior throughout the design, construction
process, and service life.

The original design of the Galena Creek Bridge arch included a steel pilot truss that
would act as a self-supporting frame for the concrete. This unique design prompted NDOT to
contract the University of Nevada, Reno (UNR) in 2004 to instrument the arch in order to
monitor the stress changes throughout the construction of the project. An instrumentation and
data acquisition system was designed to place several strain gages on the arch, as well as
accelerometers to monitor dynamic loading. However, in 2006 NDOT terminated their
commitment with the bridge contractor due to a disagreement over the constructability of the
steel pilot truss. The bridge design was then modified and a new contract was awarded to Fisher
Sand & Gravel for the remainder of the 1-580 project. CC Myers Inc. was hired as the
subcontractor to finish constructing the Galena Creek Bridge. Due to this major delay in

construction, the scope of the contract with UNR was altered to focus on the seismic



performance of the bridge and non-linear time history modeling was performed using the finite
element analysis program SAP 2000v.14 (Taylor & Sanders, 2007).

As part of the design modification, it was decided that the steel pilot truss could be
omitted completely and traditional falsework used instead, an option chosen by CC Meyers Inc.
A new contract was established with UNR to pursue the original idea of instrumenting the
bridge, and the instrumentation system developed for the pilot truss was modified.
Construction and instrumentation installation began on the arch in 2008. A total of 108 strain
gages were placed on the reinforcement and within the concrete of the southern portion of the
southbound structure’s arch and in the bridge deck. Each gage had a corresponding thermistor
installed so that the effects of temperature change could be studied. Strain and temperature
were monitored for two years of the construction process, from 2009 to 2010, and the stresses
were compared to finite element models of the structure (Vallejera & Sanders, 2011). The
instrumentation plan also included the placement of 15 accelerometers at five different
locations on the bridge. The accelerometers at each location would measure movement in the
longitudinal, transverse, and vertical directions. These accelerometers were bought and
prepared for installation, but due to access issues at the construction site they could not be

installed and were left for future research.

1.2 Research Objective

The objective of this project, the third contract between UNR and NDOT, was to
determine the dynamic properties of the completed bridge. This was accomplished through the
installation of a permanent health monitoring system made up of accelerometers, followed by
in-field forced vibration experiments. In addition, the project would complete the seismic

monitoring system initiated by Vallejera. In its entirety, the system would be capable of



continuous monitoring of the bridge’s behavior under typical loading, such as everyday traffic,
as well as recording its response to seismic events.

Vallejera’s seismic monitoring system consisted of 15 accelerometers, in the form of five
triaxial instruments. These were placed at the top and bottom of each of the two arch piers, and
at the top of the arch where it merged with the superstructure. Supplementary accelerometers
were needed in the box girder for both the horizontal and vertical characterization of the bridge.
Eight additional accelerometers, four uniaxial and four biaxial, were placed at 30 m spacing
within the superstructure of the arch span. The data acquisition system (DAQ), installed by
Vallejera in 2008, was replaced with updated hardware and software and had the extra capacity
required for the new instrumentation, which is discussed in further detail in Chapter 3. The
existing instrumentation system, consisting of the strain gages and thermistors in the arch and
deck, were wired into the new DAQ along with all the accelerometers. Once installed, the final
instrumentation system would function wirelessly and be accessible from the UNR campus, and
later from NDOT.

Characterization of the bridge took place in two forms: live load experiments acting in
the vertical direction and forced vibration experiments using an eccentric mass shaker in the
transverse direction. A detailed analytical model of the bridge was built to simulate both types
of experiments and predict the acceleration response of the bridge. The goal of these
experiments was to excite various modes of the bridge in order to identify and confirm the
dynamic characteristics of the structure. The live loading first required construction haul trucks
to drive across the bridge at various speeds, and then to drive across the bridge with a “speed
bump” placed at four locations along the bridge deck to create an impact load. The eccentric

mass shaker was positioned at one of the bridge’s internal hinges and run at six of the top modal



frequencies predicted by the analytical models. The acceleration data collected was then
compared to the analytical models. Adjustments were made to the models to obtain a better

correlation between the field data and the analytical data.

1.3 Bridge Design

The Galena Creek Bridge measures 525 m in length and sits approximately 90 m above
the ground at its highest point. It is composed of two separate structures, northbound and
southbound, that are connected by link beams at the base of the arches and by a link slab at the
crown of the arch. The superstructure design consists of a longitudinally post-tensioned two cell
box girder and a transversely post-tensioned deck. The bridge has seven spans, six sets of single
column piers, and is divided into three separate frames by two internal hinges that allow for
longitudinal movement (Figure 1- 2). Frame 1 begins at Abutment 1 on the south end of the
bridge, includes Pier 1, ends at Hinge 1, and is 90 m long. Frame 2 stretches from Hinge 1 to
Hinge 2, encompasses the cathedral arch, Piers 2 and 3, and is 240 m in length. Frame 3 begins
at Hinge 2, ends at Abutment 2, includes Piers 4, 5, and 6, and is 195 m in length. The existing
strain gage system and all of the new instrumentation are contained within Frame 2. Therefore

the testing and analytical work is mainly focused on Frame 2 of the bridge.

1.3.1 Columns

Each structure of the Galena Creek Bridge has six hollow columns that have varying
heights depending on the existing ground elevation. They are oriented such that their strong
axis resists bending in the transverse direction. Each column has outer dimensions measuring 3
m by 6 m, inner dimensions measuring 1.8 m by 4 m, and interior corner fillets of 150 mm
(Figure 1- 3). The hollow core of the columns allows for routine inspections and also enabled

post-construction installation of triaxial accelerometers. Piers 1, 4, 5, and 6 are all built on pile



caps measuring 14 m (W) by 13.42 m (L) by 2.75 m (D), and are situated on top of 12 cast-in-
drilled-hole piles of varying depths. The remaining two piers, Piers 2 and 3, are situated on
thrust blocks that also support the base of the arch. The concrete used in the columns has a 28-

day compressive strength of 28 MPa, and all the pier caps are integral with the superstructure.

1.3.2 Arch

Each arch of the Galena Creek Bridge is made up of 19 segments (Figure 1- 4). Segment
0 and Segment OA are located at the base on either side of the arch and are solid concrete. The
other 17 segments are hollow rectangular sections, similar to the piers. They have outer
dimensions of 3.6 m by 6 m and inner dimensions of 2.8 m by 5.2 m, with a 350 mm fillet in each
corner. A typical cross section of the arch is shown in Figure 1- 5. The arch merges into the
superstructure beginning on either side at Segment 7 and Segment 7A. Segment 9, at the crown
of the arch, is almost completely contained within the box girder (Figure 1- 6). The concrete

used for all arch segments has a 28-day compressive strength of 35 MPa.

1.3.3 Superstructure

The superstructure is a two cell box girder that is 3 m deep and has a deck that is 18.9 m
wide (Figure 1- 7). Each deck carries three 3.6 m wide lanes of traffic and has shoulders on each
side that are also 3.6 m wide. The deck has a 200 mm thickness, which increases to 375 mm at
each of the girders. The overhang on each side is 3.6 m, and it supports a standard concrete
barrier rail. The three girders of the box are all 325 mm in thickness. The soffit is typically 200
mm thick, but increases to 400 mm or 600 mm near each pier cap. Intermediate stiffening
diaphragms are located throughout the box girder. In the arch merge area, the depth of the box
increases to 3.6 m and the soffit thickness increases to 400 mm. Fillet diaphragms connect the

arch and the superstructure as the merge area begins and additional diaphragms are located on



either side of the arch crown. Typical concrete strength throughout the superstructure is 31

MPa, except for 40 MPa sections to either side of Pier 2 and Pier 3.

1.3.4 Abutments

Each bridge features seat type abutments on both ends. The seat width is 1.2 m and the
girders sit on elastomeric bearings. There are shear keys located on the exterior of each
abutment and in between the abutments. A gap of 300 mm is provided between the backwall

and the end of the structure for longitudinal expansion of the superstructure.

1.3.5 Hinges

The internal hinges that separate the three frames are located 15 m to the outside of
both Pier 2 on the south side of the arch and Pier 3 on the north side of the arch. Each hinge has
shear keys to restrict transverse movement and elastomeric bearings. The hinges allow for

longitudinal movement due to temperature, creep, and shrinkage.

1.3.6 Link Slab and Link Beams

The northbound and southbound structures are connected by two link beams and a link
slab for seismic stability. The link beams connect the two thrust blocks on either side of the arch.
They have a cross section measuring 4 m by 6 m and act as rigid links, causing the foundations of
each structure to move together in a seismic event. The link slab is a 200 mm thick slab running
the length of Frame 2 from Hinge 1 to Hinge 2, and it connects the deck overhangs of the two
structures. Transverse reinforcement extends from each deck into the link slab so that there is a
typical lap length of 1.18 m, causing the slab to be integrally cast into the structure. Longitudinal

reinforcement is also present in the slab, resulting in reinforcement mats acting in both



directions. The link beams and the link slab were the last components of the Galena Creek

Bridge to be cast.

1.4 Literature Review

Instrumentation and dynamic experimentation of structures has become an increasingly
important area of research. In many cases, an instrumentation system may be a permanent
installation on a structure and used for long-term monitoring and damage detection. During the
structural design process, many assumptions must be made as to how a structure will behave in
its environment and under various loading conditions. Experimental data from real structures is
the best way to understand their true behavior and confirm these design assumptions. From the
gathered data, researchers are able to determine the dynamic properties of a structure, such as
its natural frequencies, mode shapes, and modal damping values. Field data can also be used to
confirm and validate analytical models of a structure. Two common ways to perform
experiments on a bridge in the field are to subject it to real traffic loads and to perform forced
vibration using a machine like an eccentric mass shaker. Both of these methods have been used
extensively in recent research efforts, and some examples of their application are presented in

the following literature review.

In a study done on the newly constructed Alfred Zampa Memorial Bridge (AZMB) in the
San Francisco Bay Area, controlled traffic loading was used to dynamically characterize the
structure (He, 2008). The AZMB is a suspension bridge crossing the Carquinez Strait that has a
main span of 728 m, an orthotropic steel deck, a steel box girder, and reinforced concrete
towers. The bridge was subjected to both ambient and forced vibration experiments in order to
determine its modal properties prior to being opened to traffic. This provided researchers and

engineers with baseline conditions of the structure that could be referenced in the future. Two



heavy trucks weighing just over 400 kN each were used in a series of experiments and the
response of the bridge was measured with a system of 44 accelerometers mounted along the
length of the deck. The trucks were first driven across the bridge in several load patterns that
varied the speed, direction, and location on the bridge. Triangular shaped steel ramps were then
used to simulate an impact load when the truck drove across them. The researchers found that
the location of the ramps affected the modal contribution to the bridge response and that these
experiments effectively excited the bridge’s vibration modes that were greater than 1 Hz.
Conversely, ambient vibration induced mainly by wind provided clean acceleration data for
frequencies less than 1 Hz and was useful in identifying modal parameters. Since the Galena
Creek Bridge was also to be instrumented with accelerometers throughout its superstructure,
the Zampa Bridge provided a good model of forced vibration experiments through live loading.
Researchers at UNR pursued a very similar method of live loading experiments, to be discussed

in detail in Chapter 3.

Another project that focused heavily on bridge live loading was performed at Florida
State University (Li, 2005). Researchers instrumented a two lane, three span concrete bridge
with accelerometers, strain gages, and displacement transducers to determine the dynamic
response of the structure under heavy vehicle loading. A tractor/trailer vehicle weighing a total
of 319 kN was used to drive across the bridge for various experimental scenarios that included
different driving speeds, varied transverse position on the bridge, and the addition of a 40 mm
thick plank on the roadway to simulate rough road surface conditions. With the field data, the
researchers were able to validate analytical models of the bridge, identify modal properties of
the bridge, and calculate dynamic impact factors. By converting the acceleration records from

the time domain to the frequency domain using a discrete Fourier transform, they were able to



identify the structure’s natural frequencies. Then by using the half power bandwidth method,
which is also based on the frequency response, damping ratios for the bridge’s higher
frequencies were determined. The impact factors were calculated using Equation 1.1 from the
AASHTO code, where Ry is the dynamic response of the structure and R; is the static response of

the structure.

R, — R
I==%_"S % 100% Fq. 1.1
Ry

Researchers concluded that the impact factors recommended in the AASHTO design
code are too low for many dynamic cases. Their calculated impact factors were sometimes as
high as 2, versus the recommended value of 0.33. The AASHTO code impact factor is solely a
function of span length, but the researchers determined that there are many variables that
significantly influence a dynamic impact factor. These include span length, vehicle speed, vehicle
suspension parameters, vehicle weight, vehicle position on the bridge lane, and the road surface
condition. The complexities presented were taken into consideration when analyzing live load

data and validating the computer models for the Galena Creek Bridge.

A second method of conducting forced vibration experiments is through the use of an
eccentric mass shaker. An eccentric mass shaker is a machine that has two sets of parallel
rotating weights that move in opposite directions to output a harmonic force. This force, when
applied to a structure, produces a steady state vibration response. A shaker was used by the
University of Nevada, Reno to determine the in-situ footing stiffness of a bridge in the Reno area
(Darwish, Saiidi, Norris, & Maragakis, 1997). The bridge was made up of eleven spans, seven
steel girders, and three spread footings, with a total length of 297 m. The shaker was bolted to

each of the footings and used to impart a sinusoidal force to the structure, first in the
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longitudinal direction and then in the transverse direction. For each experiment the shaker’s
frequency was increased to a predetermined value. After the transient response died out data
was recorded for a total of two minutes, and two sets of data were taken for each experiment.
Accelerometers mounted on the ground, footings, and bent caps recorded the movement.
While the objective of this study was focused on calculating sectional properties rather than
dynamic properties of the bridge, it still provided valuable insight into the procedure and

logistics of using an eccentric mass shaker.

Researchers in Utah also used an eccentric mass shaker to determine the validity of
system identification as a damage detection method (Womack & Halling, 1999). A nine span
composite bridge that was scheduled for reconstruction was subjected to instrumentation and
experiments before being demolished. After demolition, a single span of the bridge was left for
further research, in which the mass shaker was used for a series of seven experiments going
through various stages of damage and repair. All the experiments were similar, with the mass
shaker being used to move the bridge laterally. Frequency sweeps were performed over ranges
determined by analytical models. Accelerometers captured the dynamic response of the
structure, and the collected data was used to determine natural frequencies, mode shapes, and
damping. The results of the experiments on the nine span structure demonstrated that system
identification through the use of the mass shaker provided a good baseline of the structure’s
properties. The results from the simple span structure throughout the damage and repair
process showed that changes in structural stiffness and dynamic properties can be accurately

determined with non-destructive methods.

A shaker was also used by UNR (Sandirasegaram, Maragakis, & Douglas, 1997) to

perform forced vibration experiments on a railway bridge in Los Angeles to determine its modal



11

characteristics. A system of 24 accelerometers was installed along the length of the bridge in
various setups in both the longitudinal and transverse directions. The mass shaker was bolted to
a steel plate, which was then welded to one of the bridge girders. A frequency sweep between 0
Hz and 20 Hz was performed with the shaker. Peak acceleration values occurred near the
natural frequencies of the bridge; these frequencies were then examined in a smaller, more
detailed sweep to produce sufficient data for system identification. A Fourier analysis was used
on the experimental data, which enabled the researchers to plot the mode shapes of the
bridge’s frequencies and compare them to the mode shapes predicted by their analytical work.
Good correlation was found between theoretical modal properties and actual modal properties,
demonstrating that using an eccentric mass shaker to perform forced vibration experiments is a
valid method. This encouraged researchers at UNR to pursue using the mass shaker again for

testing on the Galena Creek Bridge.

1.5 Report Outline

Chapter 2 of this report details the development of the analytical models as well as the
initial modeling done to determine accelerometer placement and experimental protocols. The
installation of the system and the in-field experiments are covered in Chapter 3. Chapter 4 then
compares the field data with the analytical data. Lastly, Chapter 5 summarizes the entire project
and presents conclusions determined from the experiments. Experimental data is compiled in

appendices at the end.
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Chapter 2: Analytical Modeling
2.1 Introduction
SAP2000 v14.2.4 was used to perform a detailed finite element analysis of the Galena
Creek Bridge. The model helped determine optimal placement of the sensors as well as the
protocol for the various experiments performed on the structure. After experiments were done
on the bridge the analytical data was compared to the experimental data, and the model was

calibrated to match the as-built bridge as best as possible, as described in Chapter 4.

2.2 Model Development

A set of bridge plans acquired from NDOT ensured an accurate portrayal of the
geometric complexities of the structure. The modeling assumptions used in NDOT’s design of
the bridge as well as in the research conducted first by Taylor (Taylor & Sanders, 2007) and then
by Vallejera (Vallejera & Sanders, 2011) were used in this project as well for continuity. The
bridge model is comprised mainly of two-dimensional frame elements, but also includes some
shell elements and connecting link elements. The model is fully linear, since the experiments,
which are the focus of this project, kept the structure entirely in the elastic range. The exclusion
of non-linear properties and the consequent linear load cases greatly reduces the program’s

computational time.

2.2.1 Material and Element Definition

The first step in creating the analytical model was to define the materials and their
properties. Several concrete mixes of differing strengths, ranging from 28 MPa to 40 MPa, were
used in the bridge and a separate elastic concrete material model was created for each of these.

For each concrete model, the corresponding 28-day compressive strength (f'.) was applied; a
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Poisson’s ratio of 0.2 was assumed; a standard weight of 23.56 KN/m? (150 pcf) was used; the
program’s default coefficient of thermal expansion was used; and the modulus of elasticity was

calculated according to Equation 2.1.

E. = 4700,/f'. [MPa] Eq. 2.1
An unconfined Mander model is used internally by the program to determine the stress-strain
curve for the concrete. Confined concrete models can also be specified when needed for non-
linear modeling. The other major modeling material is a steel tendon to be used for the post-
tensioning system. SAP2000 offers two default tendon properties and one of these, an A416 Gr.

270 steel, was used in accordance with the specifications of the bridge plans.

After defining the required materials, the frame elements that make up a majority of
the model were defined. The geometry of the bridge required the use of the Section Designer
feature within SAP2000. This feature allows the user to create cross sections of arbitrary shapes
and use combinations of materials. The program then calculates cross sectional properties, such
as area and moments of inertia, from the user defined geometry. The section designer was used
to input the geometries of all the sections that make up the two cell box girder superstructure,
as well as the sections for the arch. Other structural elements, including the columns, the link
beams, and parts of the thrust blocks, have simpler geometry and use standard concrete

sections provided by SAP2000.

From these initial sections, several non-prismatic sections were created. Non-prismatic
sections are made by selecting two different frame sections, one to be the start of the section
and one to be the end of the section. The program then varies the geometric and sectional

properties along the length, which is defined by the user; this variation along the section can be
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linear, parabolic, or cubic. All the non-prismatic sections for the Galena model are set to vary
linearly. The arch merge area of the superstructure is made entirely of these non-prismatic
sections, along with a portion of the thrust blocks. Additionally, the soffit of the box girder
gradually increases in thickness as it approaches each pier, so non-prismatic sections are also

used at these locations (Figure 2- 1).

The last major element of the bridge is the link slab, which is modeled using thin shell
elements to capture both in plane membrane behavior and out of plane plate behavior. The
shell element is homogeneous with membrane and bending thicknesses defined according to

the slab geometry.

2.2.2 Building the Model

The global coordinate system of the model is oriented such that the x-axis coincides
with the longitudinal axis of the bridge, the y-axis is in the transverse direction of the bridge, and
the z-axis is vertical. The origin of the system is located at the top of the deck and along the
centerline of the south abutment of the southbound structure. Consequently the north
abutment is located at x = 525 m, and the northbound structure is parallel to the southbound at
y = -20.92 m. The top of the deck is located at z = 0 so that the entire substructure system is
defined in reference to it in the negative z-direction. A basic grid system was defined with
coordinates in each direction that correspond to the locations of the bridge’s major structural

elements, such as the piers, abutments, and superstructure centerlines.

The arch was the first portion of the bridge to be laid out. It was defined as a parabola,
starting at the thrust block and ending at the beginning of the arch merge area, so that

approximately half of the arch on each side of the merge area is composed of the previously
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defined arch section (Figure 2- 2). The merge area itself is a part of the superstructure within the
model. The curved parabolic frames were then broken into multiple straight segments of equal
length, so that each half of the arch has 18 total segments. The addition of these intermediate
nodes allows for more uniform mass distribution under dynamic loading. The typical arch frame
element is a hollow rectangular concrete section and is used for the entire arch except for the
two segments connecting the arch to the thrust blocks. These frame sections have the same

dimensions but are solid concrete instead of hollow.

The six columns were then defined at their proper locations and assigned the
appropriate height depending on the ground elevation given in the bridge plans. The columns
are modeled as fully fixed at their bases. In the original design process, NDOT engineers also
modeled the columns this way, which produced conservative results for their force based
design. Effective cross-sectional properties are typically used in analysis because of concrete’s

lack of tension capacity. The effective moment of inertia for the columns was taken as lef =

0.4lgr0ss in both directions (Priestley, Seible, & Calvi, 1996). Intermediate nodes were also added

to the columns for better mass distribution.

Thrust blocks serve as the base for Piers 2 and 3 and the bottom of the arch. Each pier is
oriented vertically above the thrust block, and the arch frames into the thrust block at an angle
of 35.8° on the south side and an angle of 37.6° on the north side. The thrust blocks are made up
of four different frame elements to accurately capture its geometry (Figure 2- 3). The fully fixed
base acts at the bottom node of the thrust block. Insertion point joint offsets were used to shift
the footing and midsection of the thrust block up. This placed the central node of the thrust

block in the correct position for the link beams to tie in to the structure.
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The superstructure was constructed with the various superstructure frame elements.
The typical box girder section makes up the majority of the superstructure and the non-
prismatic elements with the thickened soffit were applied on either side of each column. Solid
diaphragm sections are included at the tops of the columns to model the integral bent caps. A
fully rigid link connects the top of the each column to its corresponding diaphragm section.
Diaphragm sections are also located at either end of each of the three frames (at the abutments
and the two internal hinges). The arch merge area uses the non-prismatic sections discussed
previously. The merge sections fill the gap between the two halves of the arch, spanning a
distance just over 30 m. The arch elements tie in to the superstructure elements just outside of

the merge area with fully rigid links to create a stable and continuous model.

The insertion point for all the superstructure elements was shifted from the centroid to
the top center of each section. Since the depth of the box girder is not uniform across the length
of the bridge, this ensures that the deck is at the same vertical elevation for every element. All
the superstructure elements used gross cross-sectional properties due to the stiffening effect of

the post-tensioning system, which should limit concrete cracking.

Link elements were used to model the internal hinges separating the three frames of
the structure. These links are fixed from translating in the transverse and vertical directions
(global y and z), and fixed from rotating about the longitudinal axis (global x). The directional
properties applied to the link elements force Frames 1 and 2 (and similarly Frames 2 and 3) to
move together in the transverse and vertical directions, but allow expansion, contraction, and

transfer of forces in the longitudinal direction.
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The superstructure is fixed at each abutment by a joint restrained in the transverse and
vertical translational directions, and in the longitudinal rotational direction. The joint is
connected to the superstructure by a rigid link that spans the distance from the top of the

superstructure to its bottom, where it would sit on the abutment seat.

The longitudinal post-tensioning system in the superstructure was modeled using the
tendon material that was previously defined. Each frame of the bridge has its own unique
tendon section with the jacking forces, losses, wobble and curvature coefficients, and anchorage
set defined (Table 2- 1). In addition to typical tendons inside the girders, Frame 2 also has
identical sets of short external tendons within the box girder cells on either end close to the
hinges. Tendon sections in SAP2000 can be modeled as loads acting upon the structure or as
elements. For this case, since the losses were known and the model would be using a linear
analysis, the tendons were applied as loads. Detailed tendon profiles were input using the

dimensions in the bridge plans and a parabolic calculator feature within SAP2000.

The completed southbound model was copied and replicated to make the northbound
structure. The major difference between the two structures is the height of all the columns. The
northbound structure was placed at a transverse distance of 20.92 m from the centerline of the
southbound structure and is situated 0.419 m higher in elevation. The column heights on the

northbound structure were then changed according to the ground elevations at their locations.

The final step in creating the Galena Creek Bridge model was to include the connecting
elements of Frame 2 that provide seismic stability to the structure. First, link beams connect the
thrust blocks at the base of the arch on both sides. To model these beams, rigid links extend

from the connecting node of each thrust block to its spatial edge and then connect to the link
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beam frame element, which spans the transverse distance between the two structures. A three
dimensional representation of the south link beam is shown in Figure 2- 4. Next, the link slab
runs the entire length of Frame 2, from Hinge 1 to Hinge 2, and connects the overhangs of each
box girder. Rigid links connect to each node in the superstructure, which is located along the
centerline of the structure, and then continue transversely to where the edge of the deck
overhang would be located spatially. The link slab shell elements are then connected on either
side to the rigid links (Figure 2- 5). The 0.419 m difference in elevation means that the shell
elements of the link slab act at a slight angle of 11.72° instead of lying parallel to the XY plane.

The complete Galena Bridge model is shown in Figure 2- 6.

2.3 Initial Modeling for Accelerometer Placement

After completing a full model of the bridge, preliminary analyses were performed to
determine the number and location of accelerometers within the southbound superstructure.
To characterize the bridge, two experiments were planned:

1. Alive load experiment with trucks, to determine the vertical characteristics.
2. An eccentric mass shaker experiment, to determine the transverse
characteristics.
The initial modeling was used to determine the best locations for the accelerometers, and then

each type of experiment loading was modeled.

A modal analysis was performed, and the results were sorted based on their mass
participation in the vertical direction. The thirty modes with the highest participation were
examined, and their vertical deflections were used as the basis for picking the accelerometer
locations. The deflection envelope for Frame 2 for each mode was exported from the SAP2000

results, and the locations of the peak deflections were recorded (see Table 2- 2, Table 2- 3, and
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Table 2- 4). The locations of the peak deflections indicated where the maximum accelerations
would also occur. It was at the points of maximum acceleration that the instruments were
placed; these were spaced approximately 25-40 m apart. A consistent spacing of 30 m was
chosen, which resulted in nine proposed accelerometer locations starting at Hinge 1 and ending

at Hinge 2 (Figure 2- 7).

In addition to the nine new accelerometers, five triaxial accelerometers, that were
bought and assembled under Vallejera’s project, also needed to be installed. One of these was
to be placed at the centerline of the arch within the merge area. This location happened to
coincide with one of the new accelerometer locations. Therefore it was decided that only eight
new accelerometers would be installed, and the original triaxial accelerometer would be the
only instrument placed in the merge area. The final locations of the eight new superstructure

accelerometers and the five triaxial accelerometers are listed in Table 2- 5.

2.4 Transverse Modeling of the Eccentric Mass Shaker

With the placement of accelerometers chosen, the next task was to model the loading
of the eccentric mass shaker in order to determine which frequencies to use and where to
mount the shaker on the structure. The modal analysis discussed previously was again used, this

time to look at properties in the transverse direction.

2.4.1 Shaker Description

The eccentric mass shaker owned by UNR is a model MK-12.8A-4600 made by ANCO
Engineers Inc. (Figure 2- 8), and its properties are shown in Appendix C. It is a machine that
contains two sets of rotating weights that spin about parallel vertical shafts (Figure 2- 9). Each

weight set consists of six weights, three for each vertical shaft. The large weight set has an
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eccentricity of 53.0 kg-m and the small weight set has an eccentricity of 11.3 kg-m. The weights
spin in opposite directions, which produces a sinusoidal output force in the short direction of
the shaker. The forcing frequency and output force can be adjusted manually using a 10-turn
potentiometer. The eccentricity of the weights, or how they are positioned relative to each
other, can also be adjusted to produce a desired frequency and output force. The shaker has a
footprint measuring 0.86 m x 1.52 m and weighs 6 kN with the large weight set installed. UNR’s
shaker is also bolted to a steel base plate measuring 1.52 m x 2.13 m. The shaker output force is
limited to 44 kN for constant frequencies under 10 Hz, and is limited to 89 kN intermittently for

frequencies up to 20 Hz.

The output force for a given frequency can be calculated with the following equation

given in the shaker instruction manual (ANCO Engineers Inc.):

F =39.4(X)(WR)f? [N] Eq. 2.2

Where:

X = fraction of maximum eccentricity, chosen by user
WR = maximum eccentricity (either 53.0 kg-m or 11.3 kg-m)

f = forcing frequency in Hz

2.4.2 Determination of Experimental Frequencies

The goal of the forced vibration experiment with the mass shaker was to excite the
bridge at some of its natural transverse frequencies in order to identify and confirm its modal
properties. The modal analysis results were sorted based on the amount of mass participation in
the transverse direction. The frequencies of the ten modes with the most mass participation

were considered as possible experimental frequencies. The top ten frequencies are displayed in
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Table 2- 6 along with their corresponding periods, transverse mass participation ratios, and
output forces for the shaker. The shaker output forces were calculated according to Equation
2.2. The eccentricity of the weights was chosen to be the maximum value of 1; this would
produce the highest output forces and excite the bridge the most. Using multiple eccentricities
was considered, but discarded due to limited time on the day of the experiment. Of the top ten
frequencies, four produced high output forces that were beyond the shaker’s 44 kN capability.
The other six (0.61 Hz, 1.01 Hz, 1.39 Hz, 1.50 Hz, 3.12 Hz, and 3.38 Hz) were retained as the

initial experimental frequencies and were used for analysis in SAP2000.

2.4.3 Determination of Shaker Location on Bridge

The shaker needed to be set at a location along the length of Frame 2 that would excite
the bridge considerably and produce clean, usable acceleration data. From the modal analysis it
was observed that the greatest transverse deflection occurred at Hinge 1, the arch crown, 30 m
north of the arch crown, and at Hinge 2. The six chosen experimental frequencies were used in
modeling the sinusoidal shaker loading at these four locations to select the optimal position for

the shaker.

A separate SAP2000 model was created for each of the six frequencies at the four
proposed shaker locations. To simulate the shaker loading, a sine wave function was defined.
This function requires the input of the period, the number of cycles, the number of steps per
cycle, and the amplitude of the sine wave. The number of cycles and steps per cycle were
determined such that the bridge would reach a steady state motion due to the sinusoidal
loading. The amplitude of the function was given the value of the calculated shaker output force
for each respective frequency. A separate unit load was then defined transversely at the

appropriate node for each shaker location. Each unit load and sine function were applied
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concurrently to the model using a time-history load case. Damping was set to five percent, an
assumption that is typical for reinforced concrete structures (Chopra, 2007) and was consistent

with past research on the bridge.

Acceleration results were examined for all of the shaker load case models. The predicted
acceleration amplitudes for all accelerometers at each frequency and shaker location can be
seen in Table 2- 7. The most maximum accelerations were experienced at Hinge 1, not only
when the shaker was modeled at Hinge 1 but for the other locations as well. When the shaker
was modeled at the arch crown, at 30 m north of the arch crown and at Hinge 2, approximately
62 percent of all the predicted acceleration values had lower amplitudes than when the shaker
was at Hinge 1. The lowest experimental frequency, 0.60 Hz, was the only one to consistently
have maximum accelerations at a location other than Hinge 1. After comparing the acceleration
data for the various shaker locations, it was decided that positioning the shaker at Hinge 1 (90 m
from the south abutment) would cause the most movement of the bridge and provide the best

acceleration data possible.

2.4.4 Accelerometer Upgrade

After compiling the predicted bridge accelerations for the shaker experiment, it was
determined that the maximum acceleration values were typically on the order of 1x10'4g (Table
2- 7). These very small values raised concerns that the accelerometers in the superstructure
would not be sensitive enough to accurately record the motion of the bridge under the forced
vibration. Originally, it was planned that the eight new superstructure accelerometers would be
of a similar make and model as the triaxial accelerometers that were already bought and
assembled during Vallejera’s project. A comparable biaxial model had already been chosen for

the new system. However, after looking into the technical specifications for the new biaxial
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instruments, it was discovered that their resolution was only 1x10° g (additional accelerometer
properties are discussed in Chapter 4). Although the original accelerometers would be suitable
in a seismic event, which was the purpose of Vallejera’s accelerometers, it would not suffice for

the forced vibration experiments encompassed in the current project.

New uniaxial accelerometers with a higher resolution of 1x10° g were chosen for
experimental purposes. These new instruments were of a much higher price than the original
biaxial accelerometers, and it was only feasible to upgrade half of the superstructure
instruments. It was decided that the four locations south of the arch would receive the
upgraded instruments and the four locations north of the arch would keep the already chosen
biaxial instruments. This ensured that the mass shaker could still be used at Hinge 1 as

proposed.

2.4.5 Final Experimental Frequencies and Predicted Accelerations

In addition to the six predicted natural frequencies, it was decided that bounding
frequencies on either side of the natural frequencies should also be tried. If the predictions of
the SAP2000 model were not completely accurate, adding these bounding frequencies provided
a better chance of capturing some of the natural modes of the bridge. With their addition, the

shaker experiment included a total of 18 frequencies.

Logistically, the frequencies to be run were dependent on the input capabilities of the
shaker. The shaker’s main control panel has a ten-turn potentiometer that controls the change
in frequency. A digital display indicates the motor speed in RPM/10 and can be changed in
increments of 0.1. This slightly altered a few of the proposed experimental frequencies. For

example, the predicted first transverse mode has a frequency of 0.61 Hz. Setting the frequency
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of the shaker so that the digital display reads 3.6 would equal a frequency of 0.60 Hz. For the
two bounding frequencies the display would be set to read 3.5 and 3.7, which would give
frequencies of 0.58 Hz and 0.62 Hz, respectively. By trying each of these three frequencies, it
was expected that the natural frequency of the bridge would be sufficiently excited and useful
acceleration data could be recorded. The final 18 experimental frequencies are listed in Table 2-
8, along with the required running speed of the motor to be displayed on the control panel. The
predicted acceleration values for the four upgraded accelerometers are also listed for each

frequency.

2.5 Vertical Live Load Modeling

The second type of forced vibration experiment used construction haul trucks to excite
the bridge vertically. First, a truck would drive across it at a constant speed. This experiment
would be performed at multiple speeds to try to excite various vertical modes. Next, the truck
would drive over triangular shaped steel ramps in order to create an impact load. Modeling of
the truck load in SAP2000 was required to determine the optimal speeds at which the truck

would drive across the bridge, as well as the best locations to place the steel ramps.

Although the Galena Creek Bridge was mostly complete at the time of the experiments,
it was still part of the larger construction site for the 1-580 freeway extension. Haul vehicles
were present on site every day, and the contractor agreed to let UNR use one of their trucks and
drivers for the live load experiment. The truck to be provided was a Volvo A40F, which is a two
axle dump truck that is approximately 11 m in length and has a gross unloaded weight of 30,800
kg (Figure 2- 10). The specifications for this model were acquired so that the correct dimensions

and weights could be used in the modeling process. Neither the contractor nor NDOT owned a
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truck scale, and renting one that was large enough was not a practical option, so it was decided

that an unloaded truck should be used so that the weight of each axle would be known.

The link slab of the bridge was not cast until April of 2012. This provided a unique
opportunity for UNR to experiment on the bridge with trucks both before and after the link slab
was built. Consequently, for the initial modeling of the truck on the bridge the link slab was

removed from the model.

2.5.1 Truck Loading Input

To accurately model the dynamics of the truck moving across the bridge, each node in
the superstructure needed a loading function applied to it simulating the weight of the truck
passing over it. A spreadsheet was used to generate these nodal loading functions. The joint
coordinates of all the superstructure nodes of the southbound structure were exported from
SAP2000 and imported into the spreadsheet. The nodal functions are dependent on the speed
of the vehicle, the axle spacing, the axle loads, and node location. The Volvo A40F has three sets
of wheels, with the rear two sets acting together on one axle. The weight distribution among
them is not known, and a simplified single rear axle was used for modeling. The axle spacing was
input as 6.46 m, the Axle 1 (front axle) load was input as 160.83 kN, and the Axle 2 (rear axle)
load was input as 143.18 kN. Based on the chosen speed, the time required for the truck to
cross the bridge (moving from south to north) was calculated; the total time for the loading
function is then made ten seconds longer in order to capture any residual movement after the

truck leaves the bridge.

For each superstructure node two separate load history functions were determined: one

for the front axle and one for the rear axle. The loading functions are similar to a basic ramp
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function, in which the truck load increases linearly over the distance between two nodes and
then decreases linearly over the distance between the next two nodes. The maximum load, or
the full axle weight, is applied at the time the axle would be directly on top of the given node
and is set to a unit load of 1 for the front axle. The full weight of the front axle is then applied as
a scale factor to the function within the load case. The Axle 2 function is almost the same as the
Axle 1 function. Instead of being set to 1, the maximum load within the load history function is
0.89, which is the ratio of the rear axle weight to the front axle weight. The weight of the rear
axle also hits the node later in time than the front axle, depending on the speed and axle
spacing. An example of these nodal functions is shown in Figure 2- 11, where both axle functions

are shown for the Hinge 1 node for a 15 mph load case.

In addition to creating the nodal load history functions, a unique load pattern and joint
load is generated for each node, and a load history case in which all the nodal load history
functions are applied. The spreadsheet is then imported back into SAP2000, which automatically
applies all the loads. A direct integration load history case was used for the truck model,
damping of 5% was again assumed, an initial time step of 0.01 sec was used, and the

appropriate load history length was applied depending on the truck speed.

2.5.2 Truck Loading Results

The truck load was modeled at speeds of 5 mph, 10 mph, 15 mph, 20 mph, 25 mph, and
30 mph. The predicted maximum acceleration response of Frame 2 was examined (Figure 2- 12
and Figure 2- 13). Overall the dynamic load history results confirmed the modal analysis that
was originally done to determine accelerometer locations. The accelerometers were placed
throughout Frame 2 where the largest deflections were predicted by the vertical modal results.

The major acceleration peaks in Figure 2- 12 and Figure 2- 13 mostly occur at or very near the
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accelerometer locations, which are denoted by the vertical grid lines on the graph. The
acceleration response therefore provides effective verification of the correlation between peak

deflections and peak accelerations.

Due to time limitations, not all six of the modeled speeds could be used in the
experiment. Since the upgraded accelerometers were located on the south side of the arch, the
response between Hinge 1 and the arch crown was the focus in choosing which speeds to use.
The 5 mph case was discarded first. At that speed it would take a truck four minutes to cross the
bridge and performing multiple iterations would take too long. The 10 mph case and 15 mph
case were both retained. They produced high acceleration peaks at Hinge 1 (90 m from the
abutment) and moderate peaks at PCB 3 (150 m from the abutment). The 20 mph case, 25 mph
case, and the 30 mph case all had very similar acceleration responses. The 25 mph was kept
because it had a more clearly defined acceleration peak at the location of PCB 3. Therefore, the
final three experiment speeds were 10 mph, 15 mph, and 25 mph. The maximum expected

acceleration values for each accelerometer for these speeds are shown in Table 2- 9.

2.5.3 Determining Ramp Locations

The four upgraded accelerometers (PCB 1, PCB 2, PCB 3, and PCB 4) are located at the
points of maximum acceleration within the south half of Frame 2, as determined by modal
analysis and confirmed by the truck loading already discussed. These four locations were initially
selected as potential ramp locations for the truck impact loads. Placing an impact load at any of
these locations would magnify the large acceleration response already expected. A very

simplified loading scenario was then used to select the best locations to place the steel ramps.
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A load history was created for each potential ramp location that modeled both axles of
the Volvo A40F truck. Each axle load was applied at the time it would reach the appropriate
accelerometer location. A speed of 10 mph was chosen for the ramp experiments; this would
sufficiently excite the bridge, but was slow enough that the driver would have good control of
the vehicle when maneuvering over the ramps. With an axle spacing of 6.46 m, this meant that
the time between axle loads was 1.44 seconds. The load function for PCB 1, which is located at
Hinge 1, is shown in Figure 2- 14. Other than the axle loads, there is no loading applied for the
rest of the history, and it does not capture the movement of the truck over the rest of the
structure. This was sufficient because these loading cases were meant to only compare the

response at the four potential ramp locations due to the truck load.

After modeling all four truck ramp load cases, the acceleration results in the vertical
direction were compiled. The maximum predicted acceleration values for each accelerometer
under the four load cases are presented in Table 2- 10. The acceleration values at each ramp
location are much higher than those of the other accelerometers. Also, of the four potential
ramp locations, the highest response is produced when the ramps are located at PCB 1 and PCB
3. This is graphically displayed in Figure 2- 15, which shows the acceleration results for the time
period when the loads are applied. The response of each accelerometer is graphed for a ramp
placed at its location and again PCB 1 and PCB 3 exhibit the highest acceleration response. From
the analysis results, PCB 1 and PCB 3 were selected as the primary ramp locations. If time

permitted, experiments could also be done with the ramps at PCB 2 and PCB 4.
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Chapter 3: Instrumentation Installation and Experiments

3.1 Existing System Layout

The original instrumentation system installed by Vallejera (Vallejera & Sanders, 2011)
had ten sections that were instrumented. Seven sections were in the south half of the
southbound arch (Figure 3- 1), starting at the solid Segment 0 and continuing all the way up to
the arch crown. The remaining three sections were in the arch merge area of the
superstructure. In addition, the wiring for five triaxial accelerometers was installed by Vallejera.
Since this system was installed during the construction process, most of the wiring between the
instruments and the DAQ enclosures was cast into the bridge. Two DAQ enclosures were used to
collect data. The first was located inside at the arch base and was connected to all of the arch
instrumentation. The second was located inside the arch close to the crown and was connected
to the instrumentation in the deck and to the wiring for the triaxial accelerometers. These DAQ
enclosures will be referred to as the bottom arch box and the top arch box, respectively. The
locations of all the existing DAQ boxes and the new ones can be seen in Figure 3- 2. The top arch
box was connected to the bottom arch box by a power cable and an Ethernet cable. The bottom
arch box then had a heavy duty power cable (SO cord rated for outdoor use) run through an air
vent to the outside and up the adjacent hill to a solar tower for permanent power. An antenna
also protruded through the cell vent so that data could be collected from the system wirelessly

on site with a laptop.

3.2 Instruments

The triaxial accelerometers from Vallejera’s project were model ADXL330 made by

Analog Devices. These accelerometers have a range of +3g, a resolution of 0.001 g, and a
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bandwidth range of 0.5 Hz to 1600 Hz. They were chosen based on Taylor’s work in seismic
modeling of the bridge (Taylor & Sanders, 2007). The five accelerometers were to be placed at
the top and bottom of Piers 2 and 3 and at the arch crown, and were named according to these
locations. The accelerometer at the top of Pier 2 is called P2T and the accelerometer at the
bottom of Pier 2 is called P2B. The instruments in Pier 3 are similarly named as P3T and P3B. The
arch crown accelerometer is simply called Arch. In monitoring the full earthquake response of

the bridge, the closest free field sensor is more than four miles away.

Four high resolution accelerometers were model 393B04 made by PCB Piezotronics.
These are uniaxial instruments with a range of £5g and a resolution of 0.000001 g. They can
measure frequencies in the range of 0.6 Hz to 450 Hz with £5% accuracy. To differentiate them
from the biaxial instruments they were named with reference to the manufacturer and
numbered from 1 to 4. Hence PCB 1 is located at Hinge 1, PCB 2 is 30 m north of Hinge 1, PCB 3

is 60 m north, and PCB 4 is 90 m north.

The four biaxial accelerometers to be placed in the box girder on the north side of the
arch were model ADXL203, also from Analog Devices. They have a range of £1.7g, a resolution of
0.001g, and a bandwidth range of 0.5 Hz to 2.5 kHz. They were named in numeric order from 5
to 8 according to their location in the superstructure. Accordingly, Biax 5 is located 150 m north
of Hinge 1, Biax 6 is 180 m from the hinge, Biax 7 is 210 m from the hinge, and Biax 8 is at Hinge

2 (240 m north of Hinge 1).

3.3 Instrument Installation

All the new instruments were installed in the west cell of the box girder, mounted on

the middle girder wall. A mounting system made up of 2” x 2” x 1/8” aluminum angles cut to 4”
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lengths was used to install the biaxial and triaxial accelerometers. The angles were drilled
directly into the girder and shimmed to attain a level surface. The accelerometers were secured
tightly to them using hose clamps (Figure 3- 3). The biaxial accelerometers were oriented so that
they would record movement in the vertical and transverse directions. The triaxial
accelerometers in Piers 2 and 3 were mounted to the north side of each column and the arch

accelerometer was mounted to the east wall of the arch at the crown.

The PCB accelerometers required a different mounting system since they were uniaxial
and experiments were to be performed in two directions. Aluminum blocks were fabricated and
drilled into the girder wall. The PCB instruments could then be mounted to any face of the block,
depending on the direction of the experiment (Figure 3- 4). For long-term monitoring they were

to be oriented vertically, to record traffic data.

3.4 New System Layout

The addition of accelerometers in the southbound superstructure required the
installation of another DAQ box. The new box, referred to as the deck box, was placed inside the
west cell of the box girder next to the arch merge area. Each of the eight accelerometers then
had a cable running to this central location to connect to the system’s hardware (Figure 3- 5).
The four triaxial accelerometers in the piers were connected to their existing cables and wired
into the top arch box. Due to limited space in the top arch box, the arch triaxial accelerometer

was wired into the deck box instead.

National Instruments hardware had been used for the data collection of Vallejera’s
system, and was used again for the new instrumentation. All hardware and software in the arch

boxes was replaced with more efficient, updated versions that would be compatible with the
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accelerometer system. The strain gages in the two arch boxes that were still working were then

rewired into the new system.

A second new DAQ box, for a total of four boxes throughout the bridge, was placed on
the back wall of Abutment 1 and is referred to as the abutment box. The abutment box
contained a small PC to collect all the data from the system and a wireless internet hotspot
device so that the system could be accessed and controlled remotely. A power line and a fiber

optic cable connected the abutment box to the deck box inside Frame 2.

The existing power cord connecting the system to the solar tower had to be replaced
because there were several places where wildlife had chewed on it and caused damage. The
original cord, although rated for outdoor use, did not have any protective covering and it was
laid on a steep hill that was difficult to climb. A new cable route was proposed for the
replacement that would decrease the amount of exposed cable outside the bridge, and would
carry it over terrain that was more easily navigable. The new route carried it directly from the
new abutment box up the hill again to the solar tower. This time it was encased in Schedule 80
PVC conduit and the first 30 m was trenched in the ground to protect it from ongoing

construction work.

Several issues arose with the solar tower power line after installation. First, a few weeks
after the new line was run, a wildfire destroyed the section of cable that was above ground.
New cable and PVC were installed to replace the burnt section. Shortly after, it was discovered
that the system, which should run continuously, was losing power in the middle of the night. An
inspection revealed that the batteries which the solar panels charged needed to be replaced as

well. The high cost of new batteries prompted a search for other options. The only other source
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of power near the bridge was a small structure that was to be built to house the chemicals for
the deicing system present in the bridge. The deicing house was to be situated adjacent to the
south abutment. Unfortunately this was one of the last components of the I-580 project to be
constructed, and would not be finished until after the new freeway opened to traffic in August
of 2012. After conferring with NDOT, it was decided that the deicing house would provide a
much more reliable and permanent source of power and should be used in place of the solar
tower. Until then the solar tower batteries were able to temporarily power the system for each
set of forced vibration experiments. Permanent power was fully installed by November of 2012
with a new line trenched from the abutment box to inside the deicing house, where a backup

power supply was able to be housed.

3.5 Field Experiments

The in-field experiments on the bridge were largely dependent on the contractor’s
construction schedule. The first set of truck experiments needed to be done prior to the casting
of the link slab in April of 2012. Accordingly, the truck experiments were performed on March
14, 2012 when minimal work was happening on the bridge. After the link slab was cast, the
bridge was closed to construction traffic for a curing period. The second set of truck
experiments were then scheduled for May 23, 2012, after curing and other construction
activities were complete. The last set of experiments with the eccentric mass shaker was done

onJuly 31, 2012, a few weeks before the bridge opened to the public.

3.6 Truck Ramp Design

Two custom steel ramps were designed and fabricated for the truck experiments, one
for each wheel of the truck to pass over. Researchers from the previously discussed AZMB

project were contacted about their ramp design (He, 2008). The ramps for that project
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measured approximately 150 mm high by 600 mm wide and were 450-600 mm long, and they
were made of 6 mm steel plate with reinforcing gussets. This was used as a baseline for the
Galena Bridge ramp design. The ramp design was driven by the wheel load and wheel size of the
Volvo A40F. The front axle of the A40F is the controlling load and weighs 16,400 kg when the
vehicle is unloaded. This results in a load of 8,200 kg per ramp. The A40F has a 29.5R25 tire size,
which measures approximately 0.8 m in width and has a gross contact area of 0.33 m°. The
ramps were designed to be 100 mm high, 500 mm long, and 1000 mm wide to accommodate
the tires. Internal stiffeners were included at a spacing of 125 mm and steel plate with a

thickness of 6 mm was specified. The fabricated ramps are shown in Figure 3- 6.

3.7 Truck Experiment Set 1

The protocol for the truck experiments consisted of nine separate experimental set ups,
shown in Table 3- 1. Each experiment was repeated four times to validate the results, for a total
of 36 runs. The first three experiments varied the speed of the truck without using ramps.
Experiments 4 and 6 were “static”, where the ramps were placed at the accelerometer location
indicated by the experiment name, and the truck drove slowly over them one axle at a time. This
was to determine the acceleration produced by each axle load without the dynamic effects of
the truck driving simultaneously. The static ramp experiments were only performed at two
locations due to time limitations. Experiments 5 and 7-9 included the impact loads where the
ramps were placed at the corresponding accelerometer location for the truck to drive across at

10 mph.

Each experiment was performed with the truck driving across the bridge from south to
north, which meant that the truck encountered each accelerometer location in numerical order,

starting with PCB 1. Data was only recorded in this one direction. Although Frame 2 was the only



35

portion of the bridge instrumented, data was taken for the truck driving across the entire bridge
to include the movement induced in Frame 2 by Frames 1 and 3. The data acquisition system
was manually triggered to start recording as the truck entered the bridge and to stop recording
as it left the bridge. Data was taken at a rate of 128 samples/second. The ramps were positioned
in the east lane of the bridge and aligned with the truck’s wheels (Figure 3- 7). A person stood in
front of the ramps each time to help direct the truck as it approached to ensure that both

wheels were fully contained on each ramp surface.

Two additional people were located on either end of the bridge to time each run and to
keep construction traffic off the bridge. The two timers and the person running the data
acquisition system communicated via two way radios. The truck driver was instructed to drive at
a constant speed across the entire length of the bridge. From the timing results, the average
speed of the truck was later able to be calculated and is shown in Table 3- 2. The theoretical
time is also included in this table, which is the time it should take the truck to cross the bridge if
it travels at a perfectly constant speed. All of the average experiment times were within ten
percent of the theoretical time, except for some of the runs in Experiment 5. In Experiment 5,
which was the first ramp experiment performed, the driver misunderstood the directions and

increased speed after leaving Frame 2. Otherwise, the truck kept to a constant speed very well.

3.8 Truck Experiment Set 2

The second set of truck experiments was identical to the first and was conducted after
the link slab was cast. Construction traffic was again kept off the bridge, and each experiment
was timed by two separate people. Data was recorded at a rate of 64 samples/second and the
experiment times are shown in Table 3- 3. All the times are within ten percent of the theoretical

time, except for those of Experiment 1, which were significantly lower.
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3.9 Eccentric Mass Shaker Experiment

Mounting the shaker to the link slab for transverse loading required the use of anchor
bolts. The steel base plate attached to the shaker has ten bolt holes each with a diameter of
31.75 mm. They are located 152 mm from the edges at a spacing of 610 mm all around the
perimeter. Stainless steel anchor bolts with a diameter of 25.4 mm, a length of 228.6 mm, and a
shear capacity of 93.4 kN were chosen. In order to avoid hitting any reinforcement when
installing the shaker, a ground penetrating radar unit was used to scan the link slab to locate the
rebar in both directions. Rebar locations were marked on the slab and the spacing in both
directions was measured. The pattern of the shaker bolts was easily able to fit around the rebar
locations and the exact placement of the shaker is shown in Figure 3- 8. The shaker was placed

as close to Hinge 1 as possible, while keeping a safe distance from the edge of the link slab.

On the experiment day the shaker was transported to the bridge and lifted onto the link
slab with one of the contractor’s forklifts (Figure 3- 9). After being maneuvered into the correct
position, the bolt holes were drilled through the base plate into the link slab. The anchor bolts
were then installed to a depth of approximately 100 -125 mm in the 200 mm thick slab. They
were secured on top of the base plate with washers and nuts. The nuts were checked
throughout the experiment for loosening due to the vibrations, and they were retightened as
necessary. The shaker’s motor was also placed on the link slab, and the inverter station that
controls the shaker’s frequency was situated in a truck bed next to the slab and connected via
cabling. The shaker was powered by a portable 25 kVA generator. The DAQ system was run with
a laptop that was located in another truck nearby. Before beginning the experiments, the PCB

accelerometers were manually reoriented to the transverse direction and then recalibrated.
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The shaker experiment began with the lowest of the eighteen frequencies, 0.58 Hz, and
then continued in increasing order. The desired frequency was set using the potentiometer on
the inverter station, and a multimeter attached to the shaker’s motor confirmed each forcing
frequency. One to two minutes was taken to allow the transient response of the structure to die
out, and data for the steady state response was then recorded for at least two minutes at a rate
of 64 samples/second. This process was repeated for each of the remaining frequencies. After
recording at the highest frequency of 3.40 Hz, there was enough time to perform a frequency
sweep back down through the range of interest. The frequency sweep started at 4.0 Hz and was
steadily decreased to 0 over a time period of six minutes. During the shaker experiment minor
construction work was being done on the bridge and construction traffic was required to pass
through. The acceleration anomalies produced by these things were able to be removed later in
the post processing of the data. After finishing the experiment the PCB accelerometers were

again reoriented back to the vertical direction for long term monitoring.
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Chapter 4: Field Experiment Results and Analytical Results
4.1 Introduction
This chapter covers the results from all sets of field experiments. The first set of truck
experiments, which was done before the link slab was cast, will be referred to as Truck
Experiment 1. The second set, done after the link slab was cast, will be referred to as Truck
Experiment 2. The mass shaker experiments will be discussed last. Dynamic properties
calculated from the field results will be presented. Changes made to the SAP2000 models will be

discussed, and a comparison of the field results and the analytical results will be shown.

Only the response of the PCB accelerometers is considered and presented here. The low
resolution of the biaxial accelerometers makes them inadequate for the excitation induced by
the field experiments. The data shown is raw and was not filtered in post processing. Filtering
was considered to be unnecessary due to the high resolution, low noise level, and built-in filters
of the PCB instruments. All data plots are formatted similarly, with a separate graph for each
accelerometer. The response of PCB 1 is displayed in the upper left quadrant, the PCB 2
response is displayed in the upper right, the PCB 3 response is in the bottom left, and the PCB 4

response is in the bottom right quadrant.

4.2 Truck Experiment 1 Field Results

Four runs were performed for each experimental setup. For the PCB 1 ramp experiment,
Runs 3 and 4 were discarded because the driver had not kept to a constant 10 mph speed across
the entire bridge. Similarly, Run 4 of the PCB 2 ramp experiment was unusable and was
discarded. All of the speed experiment runs, without ramps, were retained. Acceleration plots

for all experiments are shown in Appendix A.
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A data sample from a 10 mph run is shown in Figure 4- 1. Two dominant acceleration
peaks can be seen around t=21 sec and t=74 sec. These peaks are from the truck driving over the
bridge’s internal hinges. During the experiments the joint seals had not yet been applied to the
hinges, and steel plates covered them. The plates created a noticeable bump as the trucks drove
across and are responsible for higher accelerations at these two locations for all experimental
setups. Peak accelerations at the hinges reached approximately 0.024 g for this run, and the
acceleration across the rest of Frame 2 was typically in the range of 0.002 g to 0.005 g. A data
sample from a 15 mph run is shown in Figure 4- 2, and a 25 mph run is shown in Figure 4- 3.
Both experiments have similar acceleration levels and patterns as the 10 mph run. The peak

accelerations at Hinge 1 are slightly higher though, reaching over 0.03 g.

The static ramp experiments that were done at PCB 1 and PCB 3, where the truck slowly
drove each axle over the ramps, did not produce useful data. A data sample from the PCB 1
static ramp experiment is shown in Figure 4- 4. The impact of each wheel can only be clearly
detected in the response of PCB 1. There is typically a lot of variation in the response from each
wheel, and there is not a consistent acceleration pattern between all the static ramp

experiments.

Data samples for all ramp experiments are presented in Figure 4- 5 through Figure 4- 8.
In addition to the two peaks at the hinge locations, another large acceleration peak can now be
seen at each of the ramp locations. For the PCB 1 ramp experiment, the ramp peak coincides
with the hinge peak. For the PCB 2 ramp experiment the ramp peak occurs around t=32 sec. The
peak for the PCB 3 ramp experiment can be seen at approximately t=38 sec and for the PCB 4
ramp experiment at t=40 sec. Peak accelerations at ramp locations are in the range of 0.06 g to

0.08 g, which is a significant increase from the experiments without ramps.
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The peak acceleration values for the PCB instruments during each run were determined
and compiled (Table 4- 1). The absolute values were then averaged for each experiment and are
presented in Table 4- 2. For the speed experiments, the peaks always occurred at the hinges
(typically Hinge 1). The average peak values show that for the speed experiments the highest
accelerations are at PCB 1 and PCB 3, and the lowest accelerations are at PCB 4. There is no clear
correlation between speed and acceleration level. For the ramp experiments, the overall peak
value often occurred at Hinge 1 because of the high level of movement inherent in the hinge.
However, for the purpose of comparing the accelerations due to the impact load with analytical
models, peak values were taken at the time of ramp impact for each instrument. The
acceleration magnitudes at all instrument locations typically experience a noticeable increase
from the speed experiments, and the highest acceleration values are not always at the ramp
location. For example, when ramps are placed at PCB 3, both PCB 1 and PCB 2 have greater
average acceleration values. It can be seen that the entire Frame 2 superstructure was

considerably excited by the impact loads.

4.3 Truck Experiment 1 Damping Calculations

The structure’s damping in the vertical direction was calculated from the Truck
Experiment 1 field data. The logarithmic decrement method was used, where the natural log of
the ratio of two acceleration amplitudes is evaluated to determine the damping ratio, h, as a
percentage (Equation 4.1).

1 a
h=—In—2x100% Fa. 4.1
2nj  a,

Where:

j = number of cycles

aj = first acceleration amplitude
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a, = second acceleration amplitude after j cycles

The acceleration history record for each experiment run was examined using a LabVIEW
based program called DataAnalysis, written by Patrick Laplace of the UNR structures laboratory.
The graphical user interface of DataAnalysis allows the user to easily select data files and
perform multiple functions, such as viewing acceleration history plots, frequency domain plots,
and maximum and minimum data values. The acceleration histories were visually inspected to
determine where the transient response of the truck driving over each instrument and/or ramp
died out and where the free vibration response began. The two acceleration amplitudes to be
used in Equation 4.1 were chosen to best represent the free vibration portion of each response
and its rate of decay. The calculated damping values for each run are shown in Table 4- 3
through Table 4- 9.The average damping value for each experiment is then shown in Table 4- 10.
The average damping values are fairly consistent across all experiments and range from 1.3% to
2.5%, which is supported by damping values recommended by Chopra in Table 4- 11 (2007). For
reinforced, prestressed concrete with minimal cracking in a structure that is under working
stresses, the recommended damping ratio is 2%-3%. These lower damping values are more
representative of the damping occurring in a structure that is functioning in the elastic range,
rather than the high damping that is expected when larger motions force a structure into the

inelastic range.

4.4 Updating Analytical Models

Several modifications were made to the SAP2000 analytical models in an effort to match
the behavior and acceleration response to that of the real bridge. First, the assigned damping
value was changed from 5% to 2% for all models to reflect the average value calculated from the

field data. Gross section properties were then applied to the columns of the bridge model.
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Originally, an effective moment of inertia was used. However, since the bridge is newly
constructed and the field experiments subjected the bridge to motions far below the yield point
of any of the materials, gross section properties are more representative of the current state of
the structure. The columns were the only sections to be modified because gross section
properties were already being used in the rest of the model, due to the stiffening effect of the
post tensioning system and the high axial load in the arch.

The linear link elements used to model the hinges also needed modifications because
they were not representative of the minimal movement that occurred during the field
experiments. Originally, they were modeled as fixed in the vertical and transverse directions and
free to move in the longitudinal direction, which is sufficient for a seismic event where the shear
keys are engaged. Under working stresses the shear keys do not engage and the elastomeric
bearings present within the hinges govern the amount of movement. Accordingly, the shear and
axial stiffness of these bearings was calculated for the hinge link elements. Three rectangular
elastomeric bearings are present in each of the real hinges. Each individual bearing measures
710 mm in the longitudinal direction and 760 mm in the transverse direction, and has 13-19 mm
layers of elastomer. The bridge specifications call for a 60-durometer elastomer, and a typical
shear modulus of 1.06 MPa for this type of rubber was used (Lindley, 1974). The shear stiffness
per bearing was calculated as 2,316 kN/m (Equation 4.2), and a total stiffness of 6,947 kN/m for
all three bearings was applied in the longitudinal and transverse directions to the hinge links.

GA Eq.4.2

Where:
G = shear modulus (MPa)

A =bonded area of bearing (m?)
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Tr = total layer thickness (m)
To calculate the axial stiffness an elastic modulus of 4.24 MPa, equal to four times the shear
modulus, was used (Buckle, Nagarajaiah, & Ferrell, 2002). The axial stiffness per bearing was
9,263 kN/m (Equation 4.3), and a total stiffness of 27,788 kN/m was applied to the hinge links in
the vertical direction.

EA Eq. 4.3

Where:

E = elastic modulus (MPa)

A = bonded area of bearing (m?)

L = height of bearing (m)

The final changes to the analytical models were made to the loading functions that
modeled the truck driving across the bridge. First, the scale factor representing the truck’s
weight within the time history load case was increased by a factor of 2, based on maximum
impact factors calculated by Li, to simulate the dynamic amplification of the truck’s movement
(2005). For the ramp experiments, the nodal functions at the ramp locations needed to be
modified to simulate the impact load of the truck. An example of a modified ramp loading
function for a PCB 1 ramp experiment is shown in Figure 4- 9. The loading function is identical to
a typical loading function until the full axle weight is applied to the node. At that point, when
the axle would drop off the edge of the ramp, the load is increased in the next time step by a
factor of 1.75 to model the impact. The factor of 1.75 was chosen through trial and error in
determining the best overall match of acceleration magnitudes between the analytical data and
the field data. The loading function then decreases linearly to zero across the rest of the time

the truck takes to reach the next superstructure node. During the field experiments, the force of
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the impact load from the ramps caused the truck’s axles to bounce a few times as it kept driving.
So after applying the modified loading function to the ramp locations, it was also applied to two

consecutive nodes following each ramp location to model the truck’s bouncing.

4.5 Truck Experiment 1: Comparison of Field Data and Analytical Data

Acceleration history plots for all experiments showing field data and SAP2000 data are
in Appendix A. When comparing the two sets of data, the acceleration peaks caused by both the
hinges and the ramp impact loads do not always occur at the same time. There is no way to
ensure the truck maintains a perfectly constant speed, and the minor speed changes as it
crosses the bridge cannot be duplicated in the analytical models. Therefore, the main focus of
comparing the two data sets was in the values of the peak acceleration magnitudes.

Sample plots for each speed experiment are shown in Figure 4- 10 to Figure 4- 12. The
acceleration peaks at Hinge 1 are much larger in the PCB 1 response of the SAP2000 data than
the field data, but the peaks of the other instruments are close to the field peaks. The
acceleration that occurs across the length of Frame 2, between Hinge 1 and Hinge 2, is not well
represented by the analytical models, even with the dynamic amplification factor of 2 applied to
the loading functions. Sample plots for each ramp experiment are shown in Figure 4- 13 to
Figure 4- 16. Typically, the peak magnitudes at each ramp location correlate decently between
the two data sets and the rate of decay of motion after the impact load also matches well. The
peaks at Hinge 1 are generally much larger in the analytical model for all experiments, most
noticeably in the response of PCB 1.

The peak acceleration values for the SAP2000 models were assembled and are displayed
alongside the previously shown average experimental values in Table 4- 12. When comparing

the two data sets, the peak analytical values are all greater than the peak field values for each
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speed experiment. Although the acceleration magnitudes do not match well, the relative
movement of the instruments corresponds for the three speed experiments; PCB 1 and PCB 3
have the highest acceleration magnitudes, and PCB 4 has the lowest acceleration magnitude. As
with the field data, the peak acceleration values for the ramp experiments were taken from the
time of ramp impact. The PCB 1 ramp experiment has greater analytical values than field values
at all locations. The other three ramp experiments do not have a consistent distinction between
the analytical values and the field values.

The percent error for all instruments during each experiment was calculated according
to Equation 4.4 and is displayed in Table 4- 13.

|Field Value — Analysis Value| y Eq.4.4

Field Value 100

Percent Error =

The speed experiments show a large amount of error between the field data and the analytical
data with the highest error values always at PCB 1. Several individual instruments in the ramp
experiments correlate well between the two data sets, with error values less than ten percent.

However, there is no consistent overall correlation.

4.6 Truck Experiment 2 Field Results

The procedure for Truck Experiment 2 was identical to Truck Experiment 1, with four
runs for each experimental setup. For the 10 mph speed experiment, the DAQ system
malfunctioned on the first run. The data was unreadable and had to be discarded. As with Truck
Experiment 1, the static ramp experiments did not provide useful data. The rest of the speed
experiments and all the ramp experiment records were retained. Acceleration plots for all

experiments are shown in Appendix B.
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Data samples for each experiment are shown in Figure 4- 17 through Figure 4- 23. The
speed experiments again have very noticeable peaks at Hinge 1 because steel plates were still
placed over the hinges. The acceleration peaks as the truck drives over Hinge 2 is much less
pronounced though, due to the stiffening effect of the link slab. Overall, the acceleration levels
are very similar to the Truck Experiment 1 results, and the highest accelerations are still seen at
PCB 1 when the truck crosses the hinge. The ramp experiments show a more significant change
in response with the link slab in place. The acceleration response at each ramp location is much
higher than the other instruments, with accelerations reaching over 1 g in some cases. The
acceleration response at the non-ramp locations is similar to Truck Experiment 1 accelerations,
indicating that the link slab serves to localize and increase the response to an impact load.

The peak acceleration values for each run are shown in Table 4- 14, and the average
acceleration values for each experiment are shown in Table 4- 15. The most movement in the
speed experiments still occurs at PCB 1 and PCB 3. There is a noticeable increase in acceleration
magnitudes between the 25 mph case and the lower speed cases, suggesting that higher speeds
of everyday traffic may induce even greater acceleration levels. For the ramp experiments, the
ramp location now always experiences the highest acceleration, and the other instruments still

typically experience an increase in acceleration when compared to the speed experiments.

4.7 Truck Experiment 2 Damping Calculations

The structural damping was calculated for the Truck Experiment 2 data using the
logarithmic decrement method previously described. The damping values for each run are
shown in Table 4- 16 to Table 4- 22. The average damping value for each experiment is shown in
Table 4- 23. The average damping values range from 1.8% to 2.5% and give an overall average of

2%. These results confirm and validate the damping values determined in Truck Experiment 1.
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4.8 Truck Experiment 2: Comparison of Field Data and Analytical Data

Analytical models that included the link slab were run for all the Truck Experiment 2
load cases. The refinements that were made to the Truck Experiment 1 models were also
applied to the Truck Experiment 2 models. The resulting acceleration history plots showing both
the field data and the analytical data are in Appendix B.

Data samples for each experiment are presented in Figure 4- 24 through Figure 4- 30.
The results of the speed experiments are similar to Truck Experiment 1, where the PCB 1
response in SAP2000 is much higher than the field data, but the peaks of the other instruments
correlate better. Also, the response across the length of Frame 2 is again not well represented in
the analytical data. The ramp experiments show a similar trend, where the response at the ramp
location does not match well between the two sets. However, unlike the speed experiments, in
this case the field values are much higher than the analytical values. Conversely, the response at
the non-ramp locations often gives a good correlation between both peak magnitudes and the
rate of decay of the motion.

The peak acceleration values for both sets of data are shown in Table 4- 24. The
analytical values are greater than the field values for all the speed experiments. The relative
motion of the instruments matches between the two data sets and is the same as Truck
Experiment 1: PCB 1 and PCB 3 experience the highest accelerations and PCB 4 has the lowest
accelerations. For the ramp experiments, the field values at the ramp locations are all
significantly higher than the analytical values. For the PCB 1 ramp experiment, the response at
PCB 2, PCB 3, and PCB 4 correlates well. The other three ramp experiments do not show any sort
of clear correlation, but are consistent in that the field values are all greater than the analytical
values. The percent error for all instruments during each experiment is presented in Table 4- 25.

The error values show that the 25 mph case gave the best correlation between the field data
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and the analytical data for the speed experiments, and the PCB 1 ramp experiment gave the
best correlation for the ramp experiments. Overall, the error values are again high and show
that the dynamic interaction of the vehicle and the bridge is not well represented in the

analytical models.

4.9 Recommendations for Modeling Improvements

The results of both sets of truck experiments compared with the analytical models
demonstrate a need for improved dynamic modeling of the truck load. The dynamic load history
used on this project to simulate the truck experiments was quite simple and could be greatly
improved upon. Ideally, a single degree of freedom spring-mass-damper system would be a
much more accurate method of modeling the truck. For this project, the dynamic properties of
the truck that would be required for such a model were unknown. The spring-mass-damper
system would then need to be able to move along the length of the bridge during a finite period
of time to model the truck driving over the structure. Currently, this is not possible within the
limits of SAP2000’s dynamic modeling capabilities.

Other factors besides the loading can have a considerable effect on the model
performance and its acceleration response. One of these is the superstructure stiffness, which is
difficult to accurately calculate and changes throughout the life of the structure. The Galena
model was built as accurately as possible based on the bridge plans, but the as-built conditions
may not necessarily be the same. To demonstrate the effect the superstructure stiffness has on
the acceleration response, models were run for the PCB 1 ramp experiment and the PCB 3 ramp
experiment with the superstructure stiffness modified to reflect cracked section properties. The
comparative results are shown in Figure 4- 31. While the modified properties did not produce

results that gave a significantly better correlation with the field data, it can be seen that there is
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a perceptible difference in the peak acceleration values of the analytical models. The internal
hinges must also be taken into careful consideration, and their modeling will vary based on the
type of loading and the movement expected from them. They function much differently under a
seismic event than under live load experiments and everyday traffic loading. The hinges tended
to be the location with the largest discrepancy between the field data and the analytical data,
most noticeably in the speed experiments. As such, the hinge models could be further

investigated to determine if there is a more accurate method of modeling them.

4.10 Mass Shaker Experiment Field Results

Each data record from the mass shaker experiment was first inspected and modified to
remove any data anomalies from passing cars and other disturbances. The modified records
provided at least one minute, and in many cases up to two minutes, of clean data. The shaker
data, like the truck data, was not filtered in the post processing. A five second acceleration
history sample from the 3.12 Hz record is shown for the PCB 1 response in Figure 4- 32. The
sinusoidal acceleration response is typical of all the acceleration records, although the clarity of
the response varies depending on the forcing frequency.

Each experiment record was examined in DataAnalysis to confirm that the forcing
frequency provided by the shaker was seen in the acceleration response of the structure. This
was done by manually “windowing” one complete cycle of motion (peak to peak) within the
interactive window of the acceleration history. The program then displays the frequency of the
data being shown. This was done at multiple points throughout each acceleration history, and
Table 4- 26 lists the frequencies detected in the acceleration response for each instrument and
experiment. All detected frequencies are within 7% of the forcing frequency. There are no

frequencies shown for any of the instruments in the 0.58 Hz case. The very low output force
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(0.71 kN) from the shaker for this case resulted in a weak response from the bridge, which made
it impossible to detect the frequency in the acceleration history record. Also, Experiments 9-12
for frequencies between 1.40 Hz and 1.52 Hz had very unclean acceleration responses, making it
difficult to confirm their frequencies and calculate other properties. This indicates that those
frequencies may not be a natural frequency of the bridge as predicted by initial modeling.

The peak acceleration values for each shaker experiment were found by looking at the
data in the frequency domain. Another feature of DataAnalysis is its Fast Fourier Transform
(FFT) function, which converts data from the time domain to the frequency domain and plots
the response amplitude against frequency. The FFT plots used a Hanning window with a size of
512 and an overlap of 70% to help reduce spectral leakage. Dominant frequencies that are
present in the acceleration response will show up as peaks in the frequency domain; for the
shaker experiments, the forcing frequencies should be the largest peaks in the FFT records. The
amplitude of these peaks is then taken as the peak acceleration value for each instrument. The
resulting peak acceleration values for each experiment are displayed in Table 4- 27. These values

are the peaks for each instrument and do not necessarily occur at the same point in time.

4.11 Mass Shaker Experiment Damping Calculations

The transverse damping of the structure was found from the shaker data using the half
power bandwidth method. This method also uses the frequency domain and damping is
calculated according to Equation 4.5.

_fo—fa Eq. 4.5
2y

Where:

fn = natural frequency of system with a maximum amplitude
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fa = fp = frequencies with an amplitude equal to 1/v2 times the amplitude of f,
A graphical representation of the half power bandwidth method is shown in Figure 4- 33. The
data from the FFT plot for each experiment was exported from DataAnalysis and imported into
Matlab to determine the unknown frequencies f, and f,. The calculated damping values for all
the shaker experiments are shown in Table 4- 28. The damping values were averaged for
experiments that had similar results, and the damping ratio tends to decrease as the frequency
increases, with the exception of Experiments 9-12. As mentioned before, the acceleration data
from these was not clear and their damping values are omitted here when looking at data
trends. The decrease of the damping ratios is consistent with the Rayleigh damping model,
where very low frequencies have high damping, mid-range frequencies have low damping, and
higher frequencies (beyond the range examined here) have high damping as well. The highest
experimental frequencies have an average damping value of 3%, which is again consistent with

the recommended values from Chopra that are in Table 4- 11 (2007).

4.12 Mass Shaker Modeling

The mass shaker analytical models discussed in Chapter 2 required modifications similar
to the truck models. As with the truck experiments, gross section properties were used in all
elements of the bridge, and stiffness values based on the elastomeric bearings were applied to
the hinges. The damping ratio in each model was changed to the average values calculated from
the field data, with the exception of Experiments 9-12. A value of 6%, instead of 14%, was
applied to these models for consistency with the data trends.

A ten second sample of the acceleration response for the 1.0 Hz case is shown in Figure
4- 34. As with the field data, there is some phase lag and the peaks do not always occur at the

same time for all instruments. The peak acceleration values for the SAP2000 shaker models are
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in Table 4- 29 alongside the field data peak values. For the majority of the data, the field values
are greater than the analytical values, which is consistent with a good portion of the truck
modeling results. The percent error between the two data sets is shown in Table 4- 30.
Experiments 9-12 have very bad correlation, which was expected from the unclear data. The
lower frequencies have large, but fairly consistent error ratios across each experiment, generally
in the range of 70%-90%. The highest frequencies, from 3.37 Hz to 3.40 Hz, show some of the

best correlation in PCB 1 and PCB 2 as well as some of the worst correlation in PCB 4.

4.13 Mode Shape Calculations

The mode shapes for each frequency were calculated for both the field data and the
analytical data. Mode shapes were normalized to the instrument with the highest peak
acceleration value for each experiment (typically PCB 1). Matlab was used to locate all the peaks
for that instrument and the times at which they occurred. The acceleration values at the same
points in time were then found for the other three instruments. The values were normalized and
then averaged over the entire acceleration history record. The numerical results for all mode
shapes are presented in Table 4- 31. Graphical representations are shown in Figure 4- 35 to
Figure 4- 40, where the points along the x-axis denote the four PCB accelerometers and the y-
axis shows normalized acceleration values.

Mode 1 is for the predicted natural frequency of 0.60 Hz. The mode shapes for the
analytical models show PCB 1 with the highest acceleration and then a steady decrease to PCB
4. Two of the three experimental frequencies, 0.60 Hz and 0.62 Hz, instead show the highest
acceleration response at PCB 3. The two sets of mode shapes do not correlate well, which may
be partly due to the low output forces from the shaker for these frequencies. Even though

modal analysis results predicted a high level of mass participation, the mass shaker does not



53

have the ability to excite the bridge enough at such low frequencies. Modes 5 and 10 are for the
predicted frequencies of 1.0 Hz and 1.38 Hz, and they show similar trends. The analytical models
and field data match in that the highest acceleration is at PCB 1. The other three data points of
the mode shapes do not match perfectly, but follow the same general trend of decreasing
linearly to PCB 4. Mode 11 includes the frequencies that produced bad data, from 1.48 Hz to
1.52 Hz. There is almost no correlation between the analytical models and the field data, except
for the 1.48 Hz case. The other two frequencies show behavior that is mostly opposite of the
analytical predictions. Mode 32 shows the best correlation of the six predicted natural
frequencies. The response of PCB 1 and PCB 4 match, and the response of PCB 2 and PCB 3 are
close to one another and follow the same trend. Mode 35 (3.38 Hz) provides another
discrepancy between the analytical models and the field data. The models predicted the
greatest acceleration response at PCB 2, but the field results show that the highest acceleration

occurs at PCB 1. Otherwise, the general trend from PCB 2 to PCB 4 is similar.

4.14 Frequency Sweep Results

The frequency sweep that was performed at the end of the shaker experiments was
analyzed using the FFT function of DataAnalysis. The FFT plot is shown in Figure 4- 41 and is
windowed to the range of frequencies covered in the sweep (0 Hz to 4 Hz). Multiple peaks are
present, each of which denote a natural frequency of the bridge and are clearly marked. Of the
six predicted natural frequencies, five are visible in the FFT plot: 0.6 Hz, 1.0 Hz, 1.4 Hz, 3.2 Hz,
and 3.4 Hz. The plot also shows that there is no peak at the location of 1.5 Hz, the sixth
predicted natural frequency, but there is a large peak closer to 1.7 Hz. In its current condition

1.5 Hz is not one of the bridge’s natural frequencies, which explains why Experiments 9-12 with
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the shaker did not produce good data. If an experiment had been conducted at 1.7 Hz, it is likely
that much cleaner acceleration data would have been collected.

The discrepancy between the predicted natural frequency of 1.5 Hz and the actual
natural frequency of 1.7 Hz is due to the original analytical models using cracked section
properties instead of gross section properties. A new modal analysis was performed with the
gross section properties applied, and the results in the transverse direction are shown in Table
4- 32. The original modal properties that were presented in Chapter 2 are shown as well for
comparison. A slight shift can be seen in many of the top participating frequencies between the
two sets of results. The updated model with gross section properties does not have a natural
frequency of 1.5 Hz, but it does have frequencies of 1.59 Hz and 1.90 Hz, confirming the validity
of the 1.7 Hz peak in the FFT plot. As the structure ages and its in-field properties shift towards
“cracked sections”, the natural frequencies will shift as well and 1.5 Hz may become a natural

frequency.
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Chapter 5: Summary and Conclusions
5.1 Summary of Project

The Galena Creek Bridge is the largest structure in the new 1-580 freeway connector
between Reno and Carson City, Nevada. In 2011 NDOT contracted UNR to install a series of
accelerometers in the bridge as a long-term health monitoring system. After installation, forced
vibration experiments were conducted to dynamically characterize the structure and compare it
to analytical models.

All analytical models used SAP2000, and the initial models were based on NDOT’s design
models. The full bridge with both northbound and southbound structures was created using
frame elements. Modal analysis results governed accelerometer placement within the
superstructure of the southbound structure. Eight accelerometers were placed at 30 m spacing
between the structure’s two internal hinges. These were the predicted locations of the bridge’s
peak modal deflections, and therefore would also experience the highest acceleration. Four of
the instruments were biaxial, measuring the response in the vertical and transverse directions,
and four were highly sensitive uniaxial instruments that can be oriented in any chosen direction
(vertical, transverse, or longitudinal). Five triaxial accelerometers, that were part of a previous
research contract, were also installed in two of the piers and at the arch crown.

The accelerometers were mounted on the central wall of the two cell box girder. The
system was connected to a small PC located at the south abutment, with a wireless internet
device to provide remote access. The power to the system was originally supplied by a solar
tower adjacent to the bridge. After multiple issues and power outages the power was
permanently rerouted into the bridge’s chemical deicing house. A backup power supply was also

installed to ensure continuous monitoring of the structure.
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Two types of experiments were performed on the bridge: live load experiments using
construction haul trucks and vibration experiments using an eccentric mass shaker. Both
experimental scenarios were incorporated into the analytical models using linear load histories.
Modeling results determined that the live loading protocol would consist of speed experiments
at 10 mph, 15 mph, and 25 mph for a truck of known weight driving across the entire bridge. In
addition to speed experiments the truck would drive over ramps to provide impact loads.
Custom fabricated ramps were placed at each of the PCB accelerometer locations to act as a
“speed bump”. From analysis results, it was expected that PCB 1 and PCB 3 would be the
locations of the greatest accelerations. Modeling of the mass shaker in the transverse direction
produced an experiment protocol consisting of six predicted natural frequencies of the bridge.
These ranged from 0.58 Hz to 3.38 Hz, and bounding frequencies on either side of each natural
frequency were included as well. The analysis results also determined that the shaker should be
placed at Hinge 1 to produce the greatest acceleration response of the structure.

The first set of live load experiments (Truck Experiment 1) was done before the
structure’s link slab was cast. The speed experiments showed the most movement at the hinges.
For the ramp experiments, the highest accelerations often occurred at either the hinge or the
ramp location, but in some cases peaks were seen at non-ramp locations away from the hinges.
The vertical damping of the structure was calculated to be 2% from the field data. Analysis
models were then modified to better represent the as-built condition of the bridge with the
actual damping, gross section properties, and bearing stiffness applied to the hinges. The truck
loading functions were also modified to better represent the dynamic effects of the truck and

the impact loading from the ramps. Peak acceleration magnitudes were compared between the
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field results and the analytical results. In general, the SAP2000 models predicted accelerations
that are much lower than the field results, and the error ratios are high.

The second set of live load experiments (Truck Experiment 2) was done after the casting
of the link slab. As with Truck Experiment 1, the peak acceleration for the speed experiments
always occurred at the hinges. However, for the ramp experiments the peak accelerations were
consistently at the ramp locations. The impact loads generated significantly higher acceleration
magnitudes at the ramp locations than during Truck Experiment 1. Damping was calculated for
the field data and again came out to 2%. The analysis modifications from Truck Experiment 1
were also made to the Truck Experiment 2 models. Once more, the peak acceleration
magnitudes did not match well when comparing field results with analytical results, and the
SAP2000 models typically had low predictions.

The mass shaker experiment was also performed after the link slab was cast, and the
shaker was mounted to the slab as close to Hinge 1 as possible. Data was recorded for the
steady state response of the structure at each of the 18 frequencies in the experiment protocol.
A frequency sweep through the range of interest was also performed. Damping in the transverse
direction was calculated to be 3% for the higher frequencies and increased in value as the
frequency decreased. As with the truck experiments, the SAP2000 models predicted
acceleration magnitudes that were less than field values. Mode shapes were calculated for all
frequencies; approximately half the modes showed agreeable correlation with the analytical
models, and the best correlation was found for the 3.12 Hz experiment. Five of the six predicted
natural frequencies were confirmed by the experiments. The frequency sweep then showed a
sixth natural frequency to be 1.7 Hz instead of 1.5 Hz, which was confirmed by a transverse

modal analysis of the bridge with gross section properties.
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5.2 Truck Experiment Conclusions

1. The vertical damping in the structure was calculated from the field data and was
consistent across all experiments with an average value of 2%. This corresponds with
recommended damping values for a structure under working stresses.

2. The dynamic effects of the truck and its interaction with the structure are very difficult
to accurately model in SAP2000. A factor of 2 was applied to all the loading functions to
amplify the dynamic response of the truck. The modified ramp loading functions were
then applied to multiple nodes after the ramp locations to simulate the bouncing of the
truck. Gross section properties and hinge models that reflect working stresses instead of
seismic stresses contributed to a better acceleration response in the analytical models.

3. The SAP2000 models typically give low predictions of peak acceleration magnitudes due
to the inaccuracies in the dynamic load modeling. A SDOF system to model the truck

would likely produce better results.

5.3 Shaker Experiment Conclusions

1. The transverse damping in the structure was calculated for the range of frequencies in
the field data. The damping values decrease with increasing frequency, and an average
of 3% damping was observed for the higher frequencies. This is consistent with
recommended damping values.

2. Five of six predicted natural frequencies were correct and were identified through
experimentation. Gross section properties are more representative of the structure in
its current condition and confirmed that 1.7 Hz is actually a natural frequency, instead of

1.5 Hz that was predicted for Mode 11.
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3. Mode shapes were calculated for all experimental frequencies. Good correlation was
seen between many of the mode shapes and the analytical models.

4. The SAP2000 models typically give low predictions of peak acceleration magnitudes.

5.4 Future Monitoring

In the future, the monitoring system can be used to study seismic response as well as
assessing the health of the structure. Everyday traffic loading will need to be examined to
determine trigger levels for the system. When the system is triggered, like in the case of an
earthquake, an email message will be automatically sent to both UNR and NDOT and will include
data files and plots of the recorded event. The amount of data to record and save on a regular
basis, independent of triggered events, needs to be determined. Data will be transferred to the
UNR server, and then conveyed to NDOT. The program used on this project, DataAnalysis, will
provide the easiest and most efficient way for NDOT engineers to evaluate the recorded data
and the bridge’s behavior. Repeating the experiments described in this report would help to

assess the health of the structure later in its service life.
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Table 2- 1: Tendon Properties.

Tables

Frame 2 Frame 2
Frame 1 Frame 3
Tendon, Tendon,
Tendon Tendon
Internal External
Tendon Area (m?) 0.03462 0.07262 0.02337 0.04602
Jacking Force (kN) 48300 101300 32600 64200
Losses (kN/m?) 179000 276000 276000 241000
Curvature Coefficient 0.2 0.2 0.2 0.2
Wobble Coefficient (1/m) 0.00066 0.00066 0.00066 0.00066
Anchorage Set (m) 0.01 0.01 0.01 0.01
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Table 2- 2: Peak deflections for Modes 1-10 of Frame 2.

Dist. To Mode | Mode | Mode | Mode | Mode | Mode | Mode | Mode | Mode | Mode
Abut. 1 Node
1 2 3 4 5 6 7 | 8| 9 | 10

(m)

90.1 1 | 221| 450 | 1.73 | 018 -076| -126| -1.21] -0..2 012 086
91.05 2 |[-206 419 158 017 -071 -073 -114 -0.12 008 0.0
93.25 3 |-171 345 126 015 -0.59 049 -095 -0.09 -0.01 0.67
103.2 4 |-024 048 020 002 -008 447 -013 -004 -031 009
105 5 |-002 013 023 000 000 459 001 -005 -0.29 -0.03
106.8 6 018 -0.8 032 -003 008 476 016 -007 -028 -0.15
128 | 7 |078 079 09 -015 034 070 -022 -0.39 -0.63
121.15 8 130 -057 199 -0.35 0.66 007 146 -0.45 -0.28 -1.43
1295 | 9 [ 140] 045 [234]-050 o090 [-210] 209 -046 015 -219
13785 | 10 | 110 171 159 -056 103 -128 248 -018 031 -2.80
146.2 11 | 050 2.69 006 -0.47 1.08 021 -003 -3.14
15455 | 12 |-027[305|-148 -026 108 253 235 046 -0.34[-316
162.9 13 |-105 272[-225]-001 106 -278 192 041 -011 -286
17125 | 14 |-171 187 -192 017 108 142 014 028 -2.28
17925 | 15 |-218 096 -092 016 119 -0.16 102 -007 028 -159
18274 | 16 |-238 066 -045 006 132 081 092 -009 019 -1.29
18623 | 17 |-257 040 003 -005 146 139 083 -008 007 -100
189.72 | 18 |-275 015 051 -0.14 160 0.75 -006 -0.05 -0.72
19321 | 19 |-291 -007 097 -020 171 162 067 -005 -0.17 -0.47
20015 | 20 |-315 -044 174 -022 1.8 061 055 -001 -030 -0.03
20512 | 21 |-324 -062 210 -015[ 1.88]-048 049 002 -028 0.22
210 2 |[-326]-071| 224 ]-002 18 -143 045 004 -0.16 0.40
21507 | 23 [-320 -070 214 018 164 [-188] 045 007 001 054
2003 | 24 |-307 -061 18 043 138 -164 047 008 018 062
2399 | 25 |-292 -048 144 065 112 -106 050 008 026 0.6
2818 | 26 |-273 -030 094 090 078 -016 055 008 028 0.67
23237 | 27 |-251 -007 038 116 040 078 062 007 023 067
23656 | 28 |-228 018 -020 142 -0.02 070 006 013 0.6
24075 | 29 |-205 042 -078 168 -048 173 080 003 -004 0.63
2875 | 30 |-174 070 -177[209]-163 -063 122 -0.19 0.49
257.1 31 |-135 o081 [-195] 205 2.9 182 -043 038 032
26545 | 32 |-08 075 -1.03 148 -3.86 -057 238 -043 031 029
273.8 33 |-026 059 053 055[-418] 231] 274 -014[ 049 | 046
28215 | 34 | 031 038 191 -043 379 112] 277] 025 010 0.78
290.5 35 | 073 017[239]-112 282 [-190] 244 o049 [-051] 113
20885 | 36 | 087 001 182 |-128]-160 -158 178 043 -0.09| 126
307.2 37 | 060 -005 078 -084 -055 146 090 019 052 090
313.2 38 | 014 000 036 -021 -013 238 021 008 0.20
315 39 |-004 003 038 000 -007 241 00l 008 054 -0.09
316.8 40 |-022 006 048 021 -0.04 020 010 052 -041
32675 | 41 |-160 039 302 152 -026 038 -140 043 006 -2.84
32895 | 42 |-193 048 371 180 -033 -029 -167 052 -0.08 -3.44
329.9 3 [207] 051 [ 402 [ 193] -037 -059[-179] 056 -0.14[370

Note: boxed cells are local deflection peaks for each mode and shaded rows denote
locations with the most peak deflections.
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Table 2- 3: Peak deflections for Modes 11-20 of Frame 2.

Dist.

To Node Mode | Mode | Mode | Mode | Mode | Mode | Mode | Mode | Mode | Mode
Abut. 17 | 122 | 13 | 14 | 15 | 16 | 17 | 18 | 19 | 20
1(m)

901 | 1 |-049 -013 -039| 2.43 | -040|-077 | -0.04] -2.56 | -0.03 0.06
91.05| 2 |-045 -018 -036 227 -035 -0.72 -0.01 -2.38 -0.03 0.04
9325| 3 |-037 -028 -030 1.89 -0.26 -0.59 0.06 -1.98 -0.02 0.00
1032| 4 |-029 -0.75 -0.09 033 -003 -010 020 -028 0.02 -0.05

105 | 5 |-045 -093 -0.10 014 -0.08 -0.05 017 -0.02 002 -0.04
1068| 6 |-068 -116 -0.14 -001 -0.15 -0.01 014 024 002 -0.03
1128 7 |-195[-194] -051 -016 -045 001 -010 1.05 011 002
12115 8 |[-3.06]-1.12 -129 029 -067 -012 -025 200 028 -0.05
1295| 9 [-185 106 [-168] 1.00 -053 -035 009 265 032 -0.10
137.85| 10 | 087 [ 161]-129 15 -012 -055 0.25 015 0.04
1462 | 11 | 268 ] -019 -026| 160 | 028 -065 -009 284 -011 006
15455 12 | 1.96 | -1.70] 0.89 123 043 -059 -025 244 -030 -0.13
1629 13 |-060 -072| 153 | 055 027 -036 008 18 -029 -0.10
171.25| 14 [-257] 132 133 -013 -002 -005 022 124 -011 o021
179.25| 15 |-234| 1.70| 051 -050 -0.17 018 -0.07 081 007 026
182.74| 16 |-1.87 165 014 -0.55 -0.17 023 -020 071 010 024
186.23| 17 |-1.27 145 -022 -058 -0.15 026 -0.27 063 013 019
189.72| 18 |-059 1.04 -058 -0.60 -0.12 027 -025 056 016 011
19321| 19 | 013 046 -0.92 -0.62 -0.08 027 -0.15 050 018 0.03
20015 20 | 1.43 -0.87 -1.46 -0.64 000 023 019 041 019 -0.13
205.12| 21 | 2.08 -1.60 -1.68 -0.63 006 016 040 037 018 -0.17

210 | 22 | 230 | -1.86]-1.73| -060 011 008 043 037 013 -0.14
21507| 23 | 206 -1.54 -1.59 -0.55 014 -0.02 027 039 007 -0.06
22003 24 | 142 -079 -1.29 -049 013 -0.11 -0.01 044 -001 001
22399 25 | 0.74 -0.05 -0.96 -0.42 010 -0.17 -023 050 -0.07 0.3
22818 26 |-0.10 075 -0.54 -035 003 -022 -040 057 -0.14 0.00
23237| 27 |-0.95 141 -0.07 -027 -0.07 -027 -0.44 066 -020 -0.07
23656 28 |-1.71 179 040 -020 -020 -0.29 -035 076 -0.24 -0.15
24075| 29 | -229[ 1.82] 087 -0.10 -034 -030 -0.10 088 -0.19 -0.20
24875 30 |-236] 0.62 159 021 -053 -0.13 130 065 -0.08
2571| 31 [-025 -188[ 163] 065 -040 027 044 18 166 018
265.45| 32 | 223 [-205] 081 106 -001 067 [-063] 241 182 006
2738 | 33 | 271 | 066 -047| 129 044 | 087 |-039 274 o083 -012
282.15| 34 | 0.64 | 258 | -1.56 127 073 0.78 [ 0.63 | 277 | -0.73 0.05
2905| 35 |-216 086 |-191| 096 072 045 037 245 -185 0.14
208.85| 36 |-3.27]-242 -1.43 045 047 006 1.81 -1.85 -0.07
307.2| 37 |-205[-313|-061 002 021 -018 -039 093 -095 -0.08
3132 | 38 |-082 -193 -029 001 022 -012 024 021 -032 001

315 | 39 |-064 -173 -030 009 028 -007 034 000 -023 0.03
3168 | 40 |-056 -159 -037 019 040 -004 041 -023 -0.18 0.05
326.75| 41 |-1.40 -020 -230 075 264 -071 -003 -159 -0.51 0.03
32895| 42 |-164 018 -2.82 087 323 -0.93 -021 -191 -0.62 003
3209 43 | -174] 034 [305] 092 | 3.49 [-103] -0.28 [ -2.04] -067 0.2

Note: boxed cells are local deflection peaks for each mode and shaded rows denote
locations with the most peak deflections.
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Table 2- 4: Peak deflections for Modes 21-30 of Frame 2.

Dist.

To Node Mode | Mode | Mode | Mode | Mode | Mode | Mode | Mode | Mode | Mode
Abut. 20 | 2 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30
1(m)

9.1 | 1 [021 o038]-170]-012 027 002 069 092 -0.04 0.05
9105| 2 | 006 028 -159 -0.11 026 -001 062 090 -001 004
93.25| 3 |-026 -001 -1.33 -0.09 022 -007 048 086 006 004
1032| 4 |-08 -023 -020 -001 003 -0.07 000 087 010 -0.05

105 | 5 |-072 044 -002 -002 -0.02 -0.03 -002 111 011 -0.06
1068| 6 |-0.56 014 -003 -007 003 -005 145 010 -0.07
1128| 7 | 060 -056 056 -0.07 -030 025 -0.35 -0.13
12115 8 [121] 018 069 -0.11 -069 -0.11 -110 310 -038 -0.07
1295| 9 [-050 006 035 -013 -108 -0.13[-157] -0.29[ 061 0.08
137.85| 10 |-119]-0.02 -0.23 -0.10 -137 025 -131]-3.14]-0.07] 0.09
1462 | 11 | 050 -0.16 -078 -0.04|-152]-0.16 -0.37 -188]-0.56 | -0.04
15455 12 [ 117] -004[-104] 003 -150 -006 077 199 | 050 | -0.08
1629 | 13 |-060 -0.07 -093 010 -133 026 | 147 | 3.66 | 0.25 | 0.04
171.25| 14 |-141] 073 -053 012 -108 -024 129 132 |-071] 010
179.25| 15 |-031[-2.26]-0.10 009 -08 -010 037 -112 -011 001
18274| 16 |-053 140 002 006 -075 001 -0.04 -0.03 -0.03
186.23| 17 | -085[329] 014 o001 -0.68 011 -042 -070 -0.02 -0.06
189.72| 18 |-097| 1.03 028 -003 -060 0.16 -078 -0.29 001 -0.08
193.21| 19 |[-083]-232] 043 -0.06 -053 014 -109 012 004 -0.09
200.15| 20 | 0.04 -077 076 -0.12 -0.41 -006 -152 075 009 -0.07
205.12| 21 | 078 [ 241] 098 -014 -033 -015[-165] 09 008 -0.03

200 | 22 [ 121 012 116 -016 -028 -012 -1.60 091 004 002
215.07| 23 | 113 | -291] 129 -017 -0.23 002 -139 061 -003 005
22003| 24 | 057 002] 1.35]-0.16 -0.21 014 -1.03 016 -0.06 0.06
22399| 25 |-003[220] 135 -015 -021 015 -067 -022 -0.06 005
22818 26 |-0.67 104 129 -012 -022 006 -0.22 -0.58 -0.04 0.04
23237| 27 |-112[-177] 120 -009 -024 -008 025 -0.82 -0.01 003
236.56| 28 [-1.25]-123 107 -0.05 -0.26 -0.18 072 -0.92 002 0.02
240.75| 29 |-113] 222 ]| 087 000 -032 -012 118 -0.68 003 001
24875| 30 |-070 -040 -001 014 -060 043 [ 185] 141 o004 -002
2571 31 | 105] 014 -128[029]-1.08 017 179 [ 288 ] 000 0.02
265.45| 32 | 0.83 -0.15 -2.26 028 -159[-031] 091 131 000 007
2738| 33 [-106] -010[-245] 007 -197 050 | -040 -1.76 004 005
282.15| 34 [-0.94 004 -176 -023|-213]-020 -150[-2.77] 0.00 0.00
2005| 35 | 105 003 -052]-042]-199[-031]-1.90]-048 -004 o005
20885 36 | 1.07] 023 060 -039 -154[ 056|-149 252 001 [ 0.14
307.2| 37 [-091 -022 087 -018 -0.83 -0.17 -0.60| 290 | 0.05 0.08
3132 38 |-112] 047 022 -007 -019 -028 -002 147 001 -0.06

315 | 39 [-093 014 -011 -0.07 001 -0.15 009 106 001 -0.09
3168 | 40 |-067 -022 -047 -008 022 003 024 074 001 -0.11
32675 41 | 204 -027 -307 -040 158 [ 113] 229 060 -0.06[-0.22
32895 42 | 230 008 -367 048 189 078 2.82 065 -0.04 -0.18
3299 | 43 [ 238] 024 [393]-052] 203 ] 059 [ 305 | 0.68 -004 -0.16

Note: boxed cells are local deflection peaks for each mode and shaded rows denote
locations with the most peak deflections.
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Table 2- 5: Locations of all accelerometers.

Distance from | Distance from
Accelerometer Type ]
Abutment 1(m)| Hinge 1(m)
PCB 1 Uniaxial 90.1 0.1
PCB 2 Uniaxial 120 30
PCB3 Uniaxial 150 60
PCB 4 Uniaxial 180 a0
Arch Triaxial 210 120
Biax 5 Biaxial 240 150
Biax 6 Biaxial 270 180
Biax 7 Biaxial 300 210
Biax 8 Biaxial 329.9 239.9
Location
P2B Triaxial Bottom of Pier 2
P2T Triaxial Top of Pier 2
P3B Triaxial Bottom of Pier 3
P3T Triaxial Top of Pier 3

Table 2- 6: Top ten transverse modes and their properties.

) . | Transverse Mass | Shaker Qutput
MWode Number|Period (sec) | Frequency (Hz) L .
Participation Force (kM)
1 1.65 0.61 38.90% 0.77
10 0.72 1.39 5.49% 4.02
3 0.99 1.01 4.13% 2.14
482 0.02 63.67 1.51% 8464.76
78 0.13 7.79 1.19% 126.77
463 0.02 59.93 1.11% 7500.99
32 0.32 3.12 1.06% 20.30
491 0.02 64.66 0.87% 8729.51
11 0.67 1.50 0.56% 4.70
33 0.30 3.38 0.66% 23.84

Mote: Shaded rows have an output force beyond shaker limits.
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Table 2- 7: Predicted accelerations for potential shaker locations.
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Table 2- 8: Final experimental frequencies and predicted accelerations.

. Forcing Shaker . .
. Period . Acceleration Amplitude from SAP2000 (g)
Experiment (seQ) Frequency | Display Value
(Hz) (RPM/10) PCB1 PCB 2 PCB3 PCB4

1 1.72 0.58 3.5 0.000014 | 0.000015 | 0.000016 | 0.000017
2 1.67 0.60 3.6 0.000015 | 0.000017 | 0.000020 | 0.000022
3 1.61 0.62 3.7 0.000016 | 0.000016 | 0.000019 | 0.000023
4 1.02 0.98 5.9 0.000093 | 0.000078 | 0.000066 | 0.000054
5 1.00 1.00 6.0 0.000096 | 0.000080 | 0.000067 | 0.000055
6 0.98 1.02 6.1 0.000106 | 0.000084 | 0.000068 | 0.000056
7 0.73 1.37 8.2 0.000235 | 0.000115 | 0.000083 | 0.000124
8 0.72 1.38 8.3 0.000263 | 0.000129 | 0.000084 | 0.000125
9 0.71 1.40 8.4 0.000280 | 0.000144 | 0.000085 | 0.000129
10 0.68 1.48 8.9 0.000350 | 0.000188 | 0.000090 | 0.000126
11 0.67 1.50 9.0 0.000362 | 0.000193 | 0.000090 | 0.000090
12 0.66 1.52 9.1 0.000376 | 0.000202 | 0.000091 | 0.000119
13 0.32 3.10 18.6 0.000609 | 0.000506 | 0.000366 | 0.000198
14 0.32 3.12 18.7 0.000633 | 0.000528 | 0.000375 | 0.000200
15 0.32 3.13 18.8 0.000670 | 0.000564 | 0.000386 | 0.000202
16 0.30 3.37 20.2 0.000854 | 0.000937 | 0.000659 | 0.000248
17 0.30 3.38 20.3 0.000843 | 0.000945 | 0.000671 | 0.000256
18 0.29 3.40 20.4 0.000854 | 0.000954 | 0.000689 | 0.000270

Table 2- 9: Predicted accelerations for final truck experiment speeds.

Case Predicted Maximum Acceleration (g)

PCB1 PCB 2 PCB3 PCB4
10 mph 0.0304 0.0101 0.0186 0.0091
15 mph 0.0445 0.0142 0.0173 0.0104
25 mph 0.0335 0.0121 0.0163 0.0082




Table 2- 10: Accelerations for potential ramp locations.

Ramp Location Predicted Maximum Accelerations (g)
Distance from
Accelerometer PCB1 PCB2 PCB 3 PCB4

Abutment (m)

PCB1 90 0.007511 | 0.002805 | 0.004052 | 0.001942

PCB2 120 0.002724 | 0.00462 | 0.005439 | 0.002662

PCB3 150 0.004046 | 0.005048 | 0.006998 | 0.004944

PCB 4 180 0.001867 | 0.002661 | 0.005008 | 0.003247

Note: Shaded values are maximum accelerations for each experiment.

Table 3- 1: Truck experiment protocol.

Experiment
Number

Experiment
Name

[EY

10 mph

15 mph

25 mph

Static PCB 1 Ramp

PCB 1 Ramp

Static PCB 3 Ramp

PCB 3 Ramp

PCB 2 Ramp

OO (N[O |W(N

PCB 4 Ramp




Table 3- 2: Time results for truck experiment, set 1.

70

Experiment|Speed (mph) Run |Time 1 (sec)|Time 2 (sec)|Avg. Time (sec) | Theoretical Time (sec)

1 02:01.0 02:04.0 02:02.5

1 10 2 01:51.0 01:50.4 01:50.7 01:59.0
3 01:59.7 01:59.4 01:59.6
4 01:54.4 01:54.3 01:54.4
1 01:17.4 01:17.7 01:17.6

) 15 2 01:18.5 01:18.5 01:18.5 01:19.4
3 01:15.8 01:15.4 01:15.6
4 01:17.6 01:16.8 01:17.2
1 00:48.2 00:48.0 00:48.1

3 25 2 00:47.8 00:48.0 00:47.9 00:47.6
3 00:47.3 00:46.7 00:47.0
4 00:48.2 00:47.2 00:47.7
1 01:51.0 01:51.0 01:51.0

5 10 2 01:35.3 01:35.2 01:35.3 01:59.0
3 01:08.7 01:08.0 01:08.4
4 01:02.3 01:01.6 01:02.0
1 01:55.1 01:54.6 01:54.8

7 10 2 01:56.3 01:55.3 01:55.8 01:59.0
3 02:00.9 02:00.8 02:00.8
4 01:56.1 01:55.6 01:55.9
1 01:56.6 01:55.8 01:56.2

8 10 2 01:57.0 01:56.7 01:56.8 01:59.0
3 01:48.7 01:48.0 01:48.3
4 01:55.4 01:55.3 01:55.4
1 01:56.0 01:46.0 01:51.0

9 10 2 01:49.2 01:48.7 01:48.9 01:59.0
3 01:55.0 01:54.0 01:54.5
4 01:56.2 01:59.9 01:58.1




Table 3- 3: Time results for truck experiment, set 2.
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Experiment|Speed (mph) Run |Time 1 (sec)|Time 2 (sec)|Avg. Time (sec) | Theoretical Time (sec)

1 01:35.1 01:36.5 01:35.8

1 10 2 01:21.7 |did nottime 01:21.7 01:59.0
3 01:25.2 01:25.1 01:25.1
4 01:33.7 01:32.8 01:33.3
1 01:16.5 01:16.7 01:16.6

) 15 2 01:17.3 01:17.3 01:17.3 01:19.4
3 01:16.7 01:16.8 01:16.8
4 01:17.3 01:16.5 01:16.9
1 00:47.8 00:47.7 00:47.7

3 25 2 00:48.0 00:47.2 00:47.6 00:47.6
3 00:47.6 00:46.7 00:47.2
4 00:47.8 00:47.1 00:47.5
1 01:46.7 01:46.4 01:46.6

5 10 2 01:49.7 01:49.8 01:49.7 01:59.0
3 01:54.8 01:54.0 01:54.4
4 01:57.3 01:56.5 01:56.9
1 01:57.6 01:56.6 01:57.1

7 10 2 01:55.6 01:54.8 01:55.2 01:59.0
3 01:53.5 01:53.0 01:53.3
4 01:54.3 01:53.5 01:53.9
1 01:55.1 01:53.8 01:54.5

8 10 2 01:55.4 01:54.8 01:55.1 01:59.0
3 01:54.0 01:55.0 01:54.5
4 01:54.7 01:55.1 01:54.9
1 01:56.0 01:55.2 01:55.6

9 10 2 01:57.2 01:56.5 01:56.8 01:59.0
3 01:58.6 01:57.9 01:58.3
4 01:59.4 01:58.7 01:59.1




Table 4- 1: Peak acceleration values for Truck Experiment 1.

Experiment RUN Acceleration Response (g)
PCB1 PCB2 PCB3 PCB4
1 0.0238 | 0.0206 | -0.0235 | 0.0092
2 -0.0326 | 0.0252 | 0.0224 | -0.0121
10 mph
3 0.0308 | 0.0122 | 0.0264 | -0.0098
4 0.0274 0.0135 0.0211 0.0130
1 -0.0442 | 0.0179 0.0248 | -0.0132
2 -0.0392 | 0.0169 | -0.0195 | 0.0158
15 mph
3 -0.0370 | 0.0163 | -0.0190 | o0.0120
4 -0.0289 | 0.0156 0.0195 0.0108
1 0.0346 | -0.0223 | -0.0278 | -0.0135
2 -0.0317 | 0.0213 0.0362 | -0.0113
25 mph
3 0.0298 0.0211 0.0309 | -0.0148
4 0.0383 | -0.0280 | -0.0412 | -0.0123
PCB 1 Ramps 1 0.0780 | -0.0350 | -0.0670 | -0.0210
2 0.0790 | -0.0350 | -0.0700 | -0.0160
1 -0.0380 | -0.0580 | 0.0540 | 0.0280
PCB 2 Ramps 2 0.0440 | -0.0790 | 0.0870 | 0.0370
3 0.0470 | 0.0600 | 0.0980 | 0.0410
1 -0.0790 | 0.0690 | -0.0800 | 0.0270
PCB 3 Ramps 2 -0.0680 | 0.0710 | 0.0530 | 0.0260
3 -0.0750 | 0.0620 | -0.0530 | 0.0210
4 -0.0700 | -0.1000 | 0.0850 | -0.0300
1 0.0240 | -0.0350 | 0.0290 | -0.1230
PCB 4 Ramps 2 0.0210 0.0330 | -0.0380 | 0.0850
3 -0.0190 | -0.0290 | 0.0260 | -0.0640
4 -0.0330 | -0.0340 | -0.0290 | 0.0510

Table 4- 2: Average peak acceleration values for Truck Experiment 1.

Experiment Field Acceleration Response (g)

PCB1 PCB2 PCB 3 PCB4
10 mph 0.0287 0.0179 0.0234 0.0110
15 mph 0.0373 0.0167 0.0207 0.0130
25 mph 0.0336 0.0232 0.0340 0.0130
RampsatPCB1 [ 0.0785 0.0350 0.0685 0.0185
Ramps at PCB2 | 0.0430 0.0657 0.0797 0.0353
RampsatPCB3 | 0.0730 0.0755 0.0678 0.0260
RampsatPCB4 | 0.0243 0.0328 0.0305 0.0808
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Table 4- 3: Calculated damping values for 10 mph experiments.

Case Accelerometer|j (no. cycles)| a,(g) a, (g) h (%)
10mph 1 PCB1 8 0.0080 0.0040 1.38
10 mph 1 PCB 2 8 0.0100 0.0040 1.82
10mph 1 PCB3 8 0.0070 0.0050 0.67
10mph 1 PCB4 8 0.0035 0.0023 0.84
10 mph 2 PCB1 9 0.0150 0.0030 2.85
10 mph 2 PCB 2 8 0.0080 0.0030 1.95
10 mph 2 PCB3 10 0.0045 0.0015 1.75
10 mph 2 PCB4 7 0.0068 0.0030 1.86
10 mph 3 PCB1 10 0.0145 0.0050 1.69
10 mph 3 PCB 2 8 0.0030 0.0013 1.66
10 mph 3 PCB3 11 0.0070 0.0038 0.90
10 mph 3 PCB4 17 0.0028 0.0010 0.96
10 mph 4 PCB1 8 0.0105 0.0050 1.48
10 mph 4 PCB 2 7 0.0046 0.0018 2.20
10 mph 4 PCB3 6 0.0090 0.0050 1.56
10 mph 4 PCB4 6 0.0060 0.0030 1.84

Table 4- 4: Calculated damping values for 15 mph experiments.

Case |Accelerometer|j(no. cycles)| a;(g) a, (g) h (%)
15mph1 PCB1 8 0.0135 0.0060 1.61
15mph 1 PCB2 6 0.0100 | 0.0046 2.09
15mph1 PCB3 5 0.0070 0.0030 2.70
15mph 1 PCB 4 8 0.0055 | 0.0010 3.39
15 mph 2 PCB1 5 0.0058 | 0.0019 3.55
15 mph 2 PCB 2 22 0.0105 0.0020 1.20
15 mph 2 PCB3 7 0.0100 | 0.0020 3.66
15 mph 2 PCB4 9 0.0100 0.0040 1.62
15mph 3 PCB1 4 0.0100 | 0.0050 2.76
15mph 3 PCB2 5 0.0080 | 0.0040 2.21
15mph 3 PCB3 4 0.0090 0.0050 2.34
15mph 3 PCB4 12 0.0070 | 0.0028 1.22
15mph 4 PCB1 5 0.0120 0.0035 3.92
15mph 4 PCB 2 5 0.0115 0.0040 3.36
15mph 4 PCB 3 6 0.0090 | 0.0030 291
15mph 4 PCB4 10 0.0058 0.0030 1.05
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Table 4- 5: Calculated damping values for 25 mph experiments.

Case |Accelerometer|j(no. cycles)| a,(g) a, (g) h (%)
25mph 1 PCB1 6 0.0140 0.0050 2.73
25mph 1 PCB 2 6 0.0160 0.0090 1.53
25 mph 1 PCB3 6 0.0060 0.0030 1.84
25mph 1 PCB4 6 0.0040 0.0013 2.98
25 mph 2 PCB1 6 0.0060 0.0040 1.08
25 mph 2 PCB 2 6 0.0080 0.0030 2.60
25 mph 2 PCB3 6 0.0050 0.0020 2.43
25 mph 2 PCB4 6 0.0050 0.0020 2.43
25 mph 3 PCB1 5 0.0080 0.0040 2.21
25mph 3 PCB 2 4 0.0060 0.0035 2.14
25 mph 3 PCB3 4 0.0070 0.0040 2.23
25mph 3 PCB4 4 0.0025 0.0015 2.03
25mph 4 PCB1 7 0.0080 0.0038 1.69
25mph 4 PCB 2 5 0.0060 0.0038 1.45
25mph 4 PCB3 4 0.0060 0.0030 2.76
25mph 4 PCB4 6 0.0038 0.0020 1.70

Table 4- 6: Calculated damping values for PCB 1 ramp experiments.

Case Accelerometer|j (no. cycles)| a;(g) a, (g) h (%)
PCB 1Ramps1 PCB1 6 0.0250 | 0.0130 1.73
PCB1Ramps 1 PCB2 3 0.0100 0.0050 3.68
PCB 1Ramps 1 PCB3 5 0.0200 0.0140 1.14
PCB 1Ramps 1 PCB4 3 0.0040 0.0025 2.49
PCB 1 Ramps 2 PCB1 7 0.0210 0.0080 2.19
PCB 1 Ramps 2 PCB 2 6 0.0055 0.0030 1.61
PCB 1Ramps 2 PCB3 5 0.0140 0.0090 1.41
PCB 1 Ramps 2 PCB 4 8 0.0065 | 0.0035 1.23
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Table 4- 7: Calculated damping values for PCB 2 ramp experiments.

Case Accelerometer|j (no. cycles)| a,(g) a, (g) h (%)
PCB2Ramps 1 PCB1 8 0.0130 0.0050 1.90
PCB2Ramps 1 PCB2 10 0.0080 | 0.0030 1.56
PCB2Ramps 1 PCB3 7 0.0280 0.0120 1.93
PCB2Ramps 1 PCB 4 10 0.0075 | 0.0035 1.21
PCB 2 Ramps 2 PCB1 8 0.0100 0.0030 2.40
PCB 2 Ramps 2 PCB 2 5 0.0120 | 0.0070 1.72
PCB 2 Ramps 2 PCB3 8 0.0160 0.0090 1.14
PCB 2 Ramps 2 PCB4 11 0.0130 0.0070 0.90
PCB 2 Ramps 3 PCB1 6 0.0140 0.0070 1.84
PCB 2 Ramps 3 PCB 2 9 0.0180 0.0100 1.04
PCB 2 Ramps 3 PCB3 9 0.0230 | 0.0090 1.66
PCB 2 Ramps 3 PCB4 9 0.0120 0.0070 0.95

Table 4- 8: Calculated damping values for PCB 3 ramp experiments.

Case Accelerometer|j (no. cycles)| a,(g) a, (g) h (%)
PCB3Ramps 1 PCB1 6 0.0120 0.0058 1.93
PCB3Ramps 1 PCB2 8 0.0170 | 0.0080 1.50
PCB3Ramps 1 PCB3 7 0.0220 0.0080 2.30
PCB 3Ramps 1 PCB4 7 0.0085 0.0025 2.78
PCB 3 Ramps 2 PCB1 6 0.0088 | 0.0055 1.25
PCB 3 Ramps 2 PCB 2 5 0.0140 0.0090 141
PCB 3 Ramps 2 PCB3 6 0.0160 | 0.0060 2.60
PCB 3 Ramps 2 PCB4 7 0.0090 0.0045 1.58
PCB 3 Ramps 3 PCB1 6 0.0130 | 0.0050 2.53
PCB 3 Ramps 3 PCB2 7 0.0100 | 0.0050 1.58
PCB 3Ramps 3 PCB3 6 0.0210 0.0095 2.10
PCB 3 Ramps 3 PCB4 6 0.0050 | 0.0025 1.84
PCB 3Ramps 4 PCB1 5 0.0100 0.0065 1.37
PCB 3Ramps 4 PCB2 6 0.0110 0.0055 1.84
PCB 3 Ramps 4 PCB3 8 0.0140 | 0.0060 1.69
PCB 3Ramps 4 PCB4 9 0.0070 0.0030 1.50
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Table 4- 9: Calculated damping values for PCB 4 ramp experiments.

Case Accelerometer|j (no. cycles)| a,(g) a, (g) h (%)
PCB4Ramps 1 PCB1 6 0.0050 0.0030 1.36
PCB 4 Ramps 1 PCB 2 7 0.0075 0.0040 1.43
PCB 4 Ramps 1 PCB3 7 0.0100 0.0060 1.16
PCB 4 Ramps 1 PCB4 9 0.0160 0.0070 1.46
PCB 4 Ramps 2 PCB1 7 0.0070 0.0030 1.93
PCB 4 Ramps 2 PCB 2 8 0.0110 0.0075 0.76
PCB 4 Ramps 2 PCB3 10 0.0120 0.0045 1.56
PCB 4 Ramps 2 PCB4 6 0.0190 0.0100 1.70
PCB 4 Ramps 3 PCB1 6 0.0058 0.0038 1.12
PCB 4 Ramps 3 PCB 2 8 0.0071 0.0039 1.19
PCB 4 Ramps 3 PCB3 6 0.0095 0.0050 1.70
PCB 4 Ramps 3 PCB4 8 0.0140 0.0060 1.69
PCB 4 Ramps 4 PCB1 4 0.0060 0.0045 1.14
PCB 4 Ramps 4 PCB 2 6 0.0071 0.0058 0.54
PCB 4 Ramps 4 PCB3 7 0.0054 0.0030 1.34
PCB 4 Ramps 4 PCB4 6 0.0180 0.0110 1.31

Table 4- 10: Average damping values for Truck Experiment 1.

Experiment h (%)
10 mph 1.5
15 mph 2.5
25 mph 2.2
Ramps at PCB 1 2.0
Ramps at PCB 2 1.5
Ramps at PCB 3 1.9
Ramps at PCB 4 1.3
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Table 4- 11: Recommended damping values (Chopra, 2007).

Damping Ratio
Stress Level Type and Condition of Structure p((yg)
0
Working stress, no more than |Welded steel, prestressed
about 1/2 yield point concrete, well-reinforced 2-3
concrete (only slight cracking)
Reinforced concrete with
. . 3-5
considerable cracking
Bolted and/or riveted steel, wood
structures with nailed or bolted 5-7
joints
At orjust below yield point  |Welded steel, prestressed
concrete (without complete loss 5-7
in prestress)
Prestressed concrete with no
7-10
prestress left
Reinforced concrete 7-10
Bolted and/or riveted steel, wood
. . 10-15
structures with bolted joints
Wood structures with nailed
.. 15-20
joints

Table 4- 12: Peak value comparison for Truck Experiment 1.

Experiment Field Acceleration Response (g) SAP2000 Acceleration Response (g)

PCB 1 PCB 2 PCB3 PCB 4 PCB 1 PCB 2 PCB 3 PCB 4
10 mph 0.0287 0.0179 0.0234 0.0110 | 0.0800 | 0.0357 | 0.0459 | 0.0175
15 mph 0.0373 0.0167 0.0207 0.0130 | 0.0934 | 0.0337 | 0.0428 | 0.0180
25 mph 0.0336 0.0232 0.0340 0.0130 | 0.1016 | 0.0348 | 0.0495 | 0.0185
RampsatPCB1 [ 0.0785 0.0350 0.0685 0.0185 | 0.1327 | 0.0648 | 0.0734 | 0.0331
RampsatPCB2 | 0.0430 0.0657 0.0797 0.0353 | 0.0340 | 0.0794 | 0.0459 | 0.0175
Ramps at PCB3 | 0.0730 0.0755 0.0678 0.0260 | 0.0314 | 0.0357 | 0.0740 | 0.0243
RampsatPCB4 | 0.0243 0.0328 0.0305 0.0808 | 0.0220 | 0.0357 | 0.0459 | 0.0409




Table 4- 13:

Percent error for Truck Experiment 1.

Experiment

PCB 1

PCB 2

PCB3

PCB4

10 mph

179%

100%

97%

59%

15 mph

150%

102%

107%

39%

25 mph

202%

50%

45%

43%

PCB 1 Ramps

69%

85%

7%

79%

PCB 2 Ramps

21%

21%

42%

50%

PCB 3 Ramps

57%

53%

9%

7%

PCB 4 Ramps

9%

9%

50%

49%

Table 4- 14: Peak acceleration values for Truck Experiment 2.

Experiment RUN Acceleration Response (g)
PCB1 PCB 2 PCB3 PCB4
2 -0.0290 | 0.0156 | -0.0173 | 0.0100
10 mph 3 0.0224 -0.0169 | 0.0156 | -0.0100
4 -0.0337 | 0.0134 0.0161 0.0102
1 -0.0251 | 0.0128 | -0.0167 | -0.0089
2 -0.0195 | 0.0116 0.0178 | -0.0093
15 mph
3 -0.0245 | -0.0190 | -0.0156 | 0.0115
4 0.0216 | -0.0139 | -0.0193 | 0.0102
1 -0.0381 | -0.0198 | 0.0395 0.0124
2 -0.0336 | -0.0234 | 0.0413 | -0.0103
25 mph
3 -0.0479 | -0.0303 | 0.0285 0.0097
4 0.0275 0.0241 -0.0452 | 0.0117
1 0.4200 | -0.0300 | -0.0450 | -0.0170
PCB 1 Ramps 2 1.1200 | -0.0380 | -0.0610 | -0.0180
3 -1.3000 | -0.0370 | -0.0350 | -0.0150
4 -1.6000 | -0.0950 | -0.0540 | -0.0170
1 -0.0840 | 0.3500 0.0950 0.0400
PCB 2 Ramps 2 0.0600 | -0.1400 | 0.0980 0.0400
3 0.0550 0.0780 0.0820 | -0.0380
4 -0.0320 | 0.0790 0.0580 0.0270
1 -0.0700 | 0.0630 0.1600 | -0.0750
PCB 3 Ramps 2 -0.0700 | -0.1100 | -0.3500 | -0.1000
3 -0.0700 | -0.1000 | -0.2700 | 0.0780
4 -0.0740 | -0.0780 | -0.2700 | -0.0840
1 0.0220 0.0250 | -0.6500 | -0.9800
PCB 4 Ramps 2 0.0250 0.0320 0.0780 | -0.3900
3 0.0220 0.0310 | -0.0580 | -0.3200
4 0.0190 | -0.0300 | -0.0420 | 1.3500




Field Acceleration Response (g)

Experiment

PCB1 PCB2 PCB3 PCB 4
10 mph 0.0284 0.0153 0.0163 0.0101
15 mph 0.0227 0.0143 0.0174 0.0100
25 mph 0.0368 0.0244 0.0386 0.0110
RampsatPCB1 | 1.1100 0.0500 0.0488 0.0168
Ramps atPCB2 | 0.0578 0.1618 0.0833 0.0363
Ramps at PCB3 | 0.0710 0.0878 0.2625 0.0843
Ramps at PCB4 | 0.0220 0.0295 0.2070 0.7600

Table 4- 15: Average peak acceleration values for Truck Experiment 2.

Table 4- 16: Calculated damping values for 10 mph experiments.

Case Accelerometer|j (no. cycles)| a,(g) a, (g) h (%)
10 mph 2 PCB1 6 0.0070 0.0040 1.48
10 mph 2 PCB2 4 0.0080 | 0.0040 2.76
10 mph 2 PCB3 5 0.0055 0.0025 2.51
10 mph 2 PCB4 4 0.0045 | 0.0020 3.23
10 mph 3 PCB1 5 0.0058 0.0030 2.10
10 mph 3 PCB 2 7 0.0050 | 0.0030 1.16
10 mph 3 PCB3 6 0.0065 0.0038 1.42
10 mph 3 PCB 4 4 0.0025 | 0.0015 2.03
10 mph 4 PCB1 6 0.0080 0.0040 1.84
10 mph 4 PCB 2 4 0.0050 | 0.0030 2.03
10 mph 4 PCB3 4 0.0050 | 0.0030 2.03
10 mph 4 PCB4 6 0.0028 0.0020 0.89
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Table 4- 17: Calculated damping values for 15 mph experiments.

Case |Accelerometer|j(no. cycles)| a,(g) a, (g) h (%)
15mph1 PCB1 5 0.0060 0.0040 1.29
15mph 1 PCB 2 7 0.0060 0.0030 1.58
15mph1 PCB3 7 0.0052 0.0028 1.41
15mph1 PCB4 6 0.0048 0.0027 1.53
15 mph 2 PCB1 5 0.0055 0.0035 1.44
15 mph 2 PCB 2 4 0.0060 0.0035 2.14
15mph 2 PCB3 7 0.0051 0.0029 1.28
15 mph 2 PCB4 5 0.0065 0.0035 1.97
15mph 3 PCB1 6 0.0055 0.0030 1.61
15 mph 3 PCB 2 5 0.0058 0.0032 1.89
15 mph 3 PCB3 8 0.0047 0.0021 1.60
15 mph 3 PCB4 4 0.0059 0.0031 2.56
15mph 4 PCB1 5 0.0065 0.0040 1.55
15mph 4 PCB 2 6 0.0055 0.0027 1.89
15mph 4 PCB3 10 0.0049 0.0025 1.07
15mph 4 PCB4 3 0.0055 0.0040 1.69

Table 4- 18: Calculated damping values for 25 mph experiments.

Case |Accelerometer|j(no. cycles)| a;(g) a, (g) h (%)
25mph 1 PCB1 4 0.0060 0.0030 2.76
25mph 1 PCB2 3 0.0035 | 0.0020 2.97
25 mph 1 PCB3 3 0.0050 0.0035 1.89
25mph 1 PCB 4 3 0.0035 | 0.0030 0.82
25 mph 2 PCB1 3 0.0030 | 0.0020 2.15
25 mph 2 PCB 2 3 0.0080 0.0050 2.49
25 mph 2 PCB3 6 0.0090 | 0.0030 2.91
25 mph 2 PCB4 4 0.0038 0.0025 1.67
25mph 3 PCB1 3 0.0050 | 0.0030 2.71
25mph 3 PCB2 4 0.0080 | 0.0040 2.76
25 mph 3 PCB3 8 0.0080 0.0040 1.38
25mph 3 PCB4 4 0.0028 | 0.0018 1.76
25mph 4 PCB1 4 0.0040 0.0030 1.14
25mph 4 PCB2 4 0.0049 | 0.0027 2.37
25mph 4 PCB 3 4 0.0050 | 0.0030 2.03
25mph 4 PCB4 5 0.0045 0.0030 1.29
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Table 4- 19: Calculated damping values for PCB 1 ramp experiments.

Case Accelerometer|j (no. cycles)| a,(g) a, (g) h (%)
PCB1Ramps 1 PCB1 5 0.0290 0.0050 5.60
PCB 1Ramps 1 PCB 2 5 0.0075 0.0050 1.29
PCB1Ramps 1 PCB3 3 0.0095 0.0050 341
PCB 1Ramps 1 PCB4 6 0.0063 0.0023 2.67
PCB 1 Ramps 2 PCB1 6 0.0400 0.0130 2.98
PCB 1 Ramps 2 PCB 2 5 0.0100 0.0045 2.54
PCB 1 Ramps 2 PCB3 4 0.0170 0.0110 1.73
PCB 1Ramps 2 PCB4 9 0.0100 0.0050 1.23
PCB 1Ramps 3 PCB1 4 0.0600 0.0200 4.37
PCB 1 Ramps 3 PCB 2 4 0.0110 0.0060 2.41
PCB 1Ramps 3 PCB3 6 0.0135 0.0080 1.39
PCB 1 Ramps 3 PCB4 4 0.0070 0.0042 2.03
PCB 1Ramps 4 PCB1 7 0.0135 0.0050 2.26
PCB 1Ramps 4 PCB 2 7 0.0120 0.0060 1.58
PCB 1Ramps 4 PCB3 5 0.0165 0.0070 2.73
PCB 1Ramps 4 PCB4 6 0.0072 0.0045 1.25

Table 4- 20: Calculated damping values for PCB 2 ramp experiments.

Case Accelerometer|j (no. cycles)| a,(g) a, (g) h (%)
PCB 2Ramps 1 PCB1 10 0.0120 0.0040 1.75
PCB2Ramps 1 PCB2 4 0.0250 | 0.0150 2.03
PCB2Ramps 1 PCB3 10 0.0120 0.0050 1.39
PCB 2Ramps 1 PCB4 12 0.0142 0.0055 1.26
PCB 2 Ramps 2 PCB1 4 0.0110 0.0059 2.48
PCB 2 Ramps 2 PCB 2 6 0.0090 0.0040 2.15
PCB 2 Ramps 2 PCB3 6 0.0210 | 0.0090 2.25
PCB 2 Ramps 2 PCB4 8 0.0120 0.0065 1.22
PCB 2 Ramps 3 PCB1 6 0.0125 | 0.0060 1.95
PCB 2 Ramps 3 PCB2 6 0.0150 | 0.0070 2.02
PCB 2 Ramps 3 PCB3 6 0.0195 0.0110 1.52
PCB 2 Ramps 3 PCB 4 5 0.0130 | 0.0082 1.47
PCB 2 Ramps 4 PCB1 5 0.0190 0.0070 3.18
PCB 2 Ramps 4 PCB 2 4 0.0105 | 0.0080 1.08
PCB 2 Ramps 4 PCB 3 4 0.0160 | 0.0090 2.29
PCB 2Ramps 4 PCB4 7 0.0083 0.0050 1.15
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Table 4- 21: Calculated damping values for PCB 3 experiments.

Case Accelerometer|j (no. cycles)| a,(g) a, (g) h (%)

PCB 3Ramps 1 PCB1 6 0.0195 | 0.0090 2.05
PCB 3 Ramps 1 PCB 2 0.0140 | 0.0080 1.78
PCB 3 Ramps 1 PCB 3 0.0210 | 0.0110 2.06
PCB 3Ramps 1 PCB 4 0.0075 | 0.0040 1.43

PCB 3 Ramps 2 PCB1 0.0150 | 0.0065 3.33
PCB 3 Ramps 2 PCB 2 0.0150 | 0.0090 2.71
PCB 3 Ramps 2 PCB3 0.0230 | 0.0100 2.65
PCB 3 Ramps 2 PCB 4 0.0110 | 0.0063 1.48

PCB 3 Ramps 3 PCB1 0.0200 | 0.0090 2.54
PCB 3 Ramps 3 PCB 2 0.0150 | 0.0090 2.03
PCB 3 Ramps 3 PCB 3 0.0350 | 0.0180 1.76
PCB 3 Ramps 3 PCB 4 0.0100 | 0.0075 1.14

PCB 3 Ramps 4 PCB1 0.0190 | 0.0100 3.41
PCB 3 Ramps 4 PCB 2 0.0130 | 0.0040 2.68
PCB 3 Ramps 4 PCB3 0.0230 | 0.0100 2.65
PCB 3 Ramps 4 PCB 4 0.0080 | 0.0045 1.53

O U N W o b U I W PHAIN U O

Table 4- 22: Calculated damping values for PCB 4 experiments.

Case Accelerometer|j (no. cycles)| a,(g) a, (g) h (%)
PCB 4 Ramps 1 PCB1 5 0.0039 0.0020 2.13
PCB4Ramps 1 PCB2 4 0.0090 | 0.0050 2.34
PCB4Ramps 1 PCB3 7 0.0070 0.0030 1.93
PCB 4 Ramps 1 PCB4 8 0.0100 0.0040 1.82
PCB 4 Ramps 2 PCB1 4 0.0100 0.0070 1.42
PCB 4 Ramps 2 PCB 2 8 0.0090 0.0040 1.61
PCB 4 Ramps 2 PCB3 5 0.0090 | 0.0040 2.58
PCB 4 Ramps 2 PCB4 7 0.0100 0.0055 1.36
PCB 4 Ramps 3 PCB1 6 0.0090 | 0.0045 1.84
PCB 4 Ramps 3 PCB 2 5 0.0070 0.0047 1.27
PCB 4 Ramps 3 PCB3 5 0.0095 0.0042 2.60
PCB 4 Ramps 3 PCB 4 6 0.0095 | 0.0030 3.06
PCB 4 Ramps 4 PCB1 7 0.0070 0.0025 2.34
PCB 4 Ramps 4 PCB 2 5 0.0057 0.0030 2.04
PCB 4 Ramps 4 PCB 3 5 0.0125 | 0.0040 3.63
PCB 4 Ramps 4 PCB4 10 0.0115 0.0055 1.17
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Table 4- 23: Average damping values for Truck Experiment 2.

Experiment h (%)
10 mph 2.0
15 mph 1.6
25 mph 2.0

Ramps at PCB 1 2.5
Ramps at PCB 2 1.8
Ramps at PCB 3 2.2
Ramps at PCB 4 2.0

Table 4- 24: Peak value comparison for Truck Experiment 2.

Experiment Field Acceleration Response (g) SAP2000 Acceleration Response (g)

PCB 1 PCB 2 PCB3 PCB 4 PCB 1 PCB 2 PCB 3 PCB 4
10 mph 0.0284 0.0153 0.0163 0.0101 | 0.0758 | 0.0257 | 0.0251 | 0.0098
15 mph 0.0227 0.0143 0.0174 0.0100 | 0.0828 | 0.0243 | 0.0271 | 0.0189
25 mph 0.0368 0.0244 0.0386 0.0110 | 0.0948 | 0.0326 | 0.0500 | 0.0133
RampsatPCB1 | 1.1100 0.0500 0.0488 0.0168 | 0.1298 | 0.0436 | 0.0403 | 0.0147
RampsatPCB2 | 0.0578 0.1618 0.0833 0.0363 | 0.0210 | 0.0733 | 0.0306 | 0.0116
Ramps at PCB3 | 0.0710 0.0878 0.2625 0.0843 | 0.0157 | 0.0295 | 0.0559 | 0.0203
RampsatPCB4 | 0.0220 0.0295 0.2070 0.7600 | 0.0095 | 0.0129 | 0.0165 | 0.0272

Table 4- 25: Percent error for Truck Experiment 2.

Experiment PCB1 PCB2 PCB3 PCB 4
10 mph 167% 68% 54% 3%
15 mph 265% 70% 56% 89%
25 mph 158% 34% 29% 21%
PCB 1 Ramps 88% 13% 17% 12%
PCB 2 Ramps 64% 55% 63% 68%
PCB 3 Ramps 78% 66% 79% 76%
PCB 4 Ramps 57% 56% 92% 96%




Table 4- 26: Bridge response frequencies.

Experiment Forcing Frequency of Bridge Response (Hz)
No.  |Frequency(Hz)["pcgy | pcg2 | PcB3 | PCBA4
1 0.58 - - - -
2 0.60 0.64 0.62 0.64 0.59
3 0.62 0.63 0.66 0.62 0.62
4 0.98 0.98 0.96 0.97 0.99
5 1.00 1.01 0.99 1.01 1.0
6 1.02 1.02 0.99 1.03 1.03
7 1.37 1.34 1.39 1.39 1.37
8 1.38 1.39 1.39 1.42 1.39
9 1.40 1.34 1.34 1.39 1.4
10 1.48 1.47 1.51 1.5 1.46
11 1.50 1.49 1.5 1.55 1.49
12 1.52 1.49 1.54 1.59 1.52
13 3.10 3.08 3.11 3.1 3.09
14 3.12 3.11 3.11 3.15 3.12
15 3.13 3.12 3.11 3.14 3.17
16 3.37 3.38 3.35 3.36 3.3
17 3.38 3.39 3.39 3.37 3.48
18 3.40 3.39 3.41 3.42 3.66
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Table 4- 27: Peak acceleration values for shaker experiments.

Experiment Forcing Peak Accelerations: Field Results (g)
No.  |Frequency(Hz)[ pcg1 | pcB2 | PcB3 | PB4
1 0.58 0.00004 | 0.00003 | 0.00002 | 0.00001
2 0.60 0.00003 | 0.00003 | 0.00004 | 0.00004
3 0.62 0.00004 | 0.00005 | 0.00006 | 0.00006
4 0.98 0.00032 | 0.00025 | 0.00020 | 0.00011
5 1.00 0.00021 | 0.00017 | 0.00014 | 0.00009
6 1.02 0.00015 | 0.00013 | 0.00011 | 0.00007
7 1.37 0.00024 | 0.00016 | 0.00009 | 0.00003
8 1.38 0.00018 | 0.00013 | 0.00008 | 0.00003
9 1.40 0.00010 | 0.00009 | 0.00007 | 0.00004
10 1.48 0.00010 | 0.00008 | 0.00008 | 0.00006
11 1.50 0.00007 | 0.00006 | 0.00006 | 0.00007
12 1.52 0.00005 | 0.00004 | 0.00006 | 0.00007
13 3.10 0.00310 | 0.00170 | 0.00045 | 0.00070
14 3.12 0.00310 | 0.00185 | 0.00050 | 0.00065
15 3.13 0.00325 | 0.00200 | 0.00057 | 0.00065
16 3.37 0.00145 | 0.00110 | 0.00060 | 0.00008
17 3.38 0.00149 | 0.00118 | 0.00065 | 0.00005
18 3.40 0.00150 | 0.00120 | 0.00068 | 0.00006

Table 4- 28: Calculated damping values for shaker experiments.

Experiment Forcing Damping (%)
Average
No. Frequency (Hz) | pcB1 | PCB2 | PCB3 | PCB4
1 0.58 - - - -
2 0.60 17.36 16.91 14.6 13.33 15%
3 0.62 18.87 16.78 13.47 12.37
4 0.98 8.1 8.24 8.09 8.05
5 1.00 8.81 9.15 9.25 9.12
6 1.02 8.23 10.16 8.61 7.95 8%
7 1.37 6.69 6.36 8.58 9.08
8 1.38 5.55 6.8 7.73 13.38
9 1.40 15.96 9.69 8.21 13.09
10 1.48 7.77 10.74 7.90 8.99 14%
11 1.50 14.86 14.38 9.04 7.79
12 1.52 41.89 41.13 11.5 5.83
13 3.10 3.08 3.09 3.29 3.07
14 3.12 3.23 3.25 3.63 3.34
15 3.13 2.89 2.90 3.02 2.89 39%
16 3.37 2.93 2.91 3.01 2.86
17 3.38 1.96 1.97 2.01 2.31
18 3.40 2.26 2.26 2.25 2.60
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Table 4- 29: Peak value comparison for shaker experiments.
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Table 4- 30: Percent error for shaker experiments.

Experiment Forcing % Error

No.  |Frequency(Hz)[ pcg1 [ pcB2 | PcB3 | PcB4
1 0.58 83% 78% 75% 37%
2 0.60 76% 81% 85% 85%
3 0.62 81% 85% 89% 90%
4 0.98 76% 80% 83% 78%
5 1.0 60% 67% 74% 69%
6 1.02 40% 52% 64% 56%
7 1.37 21% 2% 52% 247%
8 1.38 8% 18% 63% 245%
9 1.40 119% 77% 117% 247%
10 1.48 165% 130% 88% 102%
11 1.50 308% 197% 125% 72%
12 1.52 448% 331% 130% 72%
13 3.10 58% 42% 37% 58%
14 3.12 60% 47% 26% 55%
15 3.13 61% 50% 13% 54%
16 3.37 19% 3% 43% 342%
17 3.38 18% 3% 34% 616%
18 3.40 18% 4% 30% 773%
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Table 4- 31: Mode shape comparison for shaker experiments.
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Table 4- 32: Comparison of gross section and cracked section transverse modal properties.
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Figures

Figure 1- 1: Galena Creek Bridge computer simulation (http://www.freewayextension.com).
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Figure 1- 2: Galena Creek Bridge elevation view.
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Figure 2- 1: Example of soffit thickening at piers.
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Figure 2- 3: Elevation view of thrust block.




Figure 2- 4: South link beam.
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Figure 2- 6: Completed Galena Creek Bridge model.
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Figure 2- 7: Elevation view of Frame 2 showing locations of eight new superstructure
accelerometers (blue circles) and five triaxial accelerometers (red diamonds).



Figure 2- 8: UNR’s eccentric mass shaker.

Figure 2- 9: Parallel weights inside shaker.
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Figure 2- 10: Volvo A40F truck.
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Figure 2- 11: Nodal time history functions for Hinge 1.
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Figure 3- 7: Transverse position of truck ramps on SB structure (looking north).
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Figure 3- 9: Eccentric mass shaker mounted to the link slab.




108

(08s) awi] (08s) awi]
0zt 00T 08 09 ov or4 0_. (014 00T 08 09 ov or4 0_.
T T T T T 80°0- T T T T T 80°0-
+ 4900 + -4900-
- 1¥0°0- - <¥0°0-
>
- {z00- 3 - 00
200 g z
)
0 8 0
=
- 4200 = - 200
L)
+ 4v0°0 + 4v0'0
+ 4900 + —4900
hl hl hl hl hl moo hl hl hl hl 1 woo
asuodsay ¥ 90d asuodsay € 90d
(08s) awi] (08s) awi]
ozt 00T 08 09 ov 0z 0 . ozt 00T 08 09 ov 0z 0 .
T T T T T 80°0- T T T T T 80°0-
+ 4900 + -4900-
- 4v0°0- - 4v0'0-
>
I lz00- 8 A Jz00-
200 8
H | ()
0 s ;, ot s il 0
o
- 4200 = - -200
S
L 1700 - oo
- 4900 - <4900
hl hl hl hl hl woo hl hl hl hl 1 moo

asuodsay Z 90d asuodsay T 90d

(B) uonelsg|adoy

(6) uoneis|@20Vy
Figure 4- 1: Truck Experiment 1 field data for 10 mph experiment, run 1.
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Figure 4- 2: Truck Experiment 1 field data for 15 mph experiment, run 3.
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Figure 4- 3: Truck Experiment 1 field data for 25 mph experiment, run 3.
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Figure 4- 4: Truck Experiment 1 field data for PCB 1 static ramp experiment.
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Figure 4- 5: Truck Experiment 1 field data for PCB 1 ramp experiment, run 1.
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Figure 4- 6: Truck Experiment 1 field data for PCB 2 ramp experiment, run 3.
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Figure 4- 7: Truck Experiment 1 field data for PCB 3 ramp experiment, run 1.
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Figure 4- 8: Truck Experiment 1 field data for PCB 4 ramp experiment, run 3.
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Figure 4- 10: Truck Experiment 1 data comparison for 10 mph experiment, run 2.
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Figure 4- 11: Truck Experiment 1 data comparison for 15 mph experiment, run 1.
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Figure 4- 12: Truck Experiment 1 data comparison for 25 mph experiment, run 4.
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Figure 4- 13: Truck Experiment 1 data comparison for PCB 1 ramp experiment, run 1.
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Figure 4- 14: Truck Experiment 1 data comparison for PCB 2 ramp experiment, run 1.
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Figure 4- 15: Truck Experiment 1 data comparison for PCB 3 ramp experiment, run 1.
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Figure 4- 16: Truck Experiment 1 data comparison for PCB 4 ramp experiment, run 3.
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Figure 4- 17: Truck Experiment 2 field data for 10 mph experiment, run 3.
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Figure 4- 18: Truck Experiment 2 field data for 15 mph experiment, run 1.
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Figure 4- 19: Truck Experiment 2 field data for 25 mph experiment, run 2.
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Figure 4- 20: Truck Experiment 2 field data for PCB 1 ramp experiment, run 3.
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Figure 4- 21: Truck Experiment 2 field data for PCB 2 ramp experiment, run 2.
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Figure 4- 22: Truck Experiment 2 field data for PCB 3 ramp experiment, run 1.
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Figure 4- 23: Truck Experiment 2 field data for PCB 4 ramp experiment, run 4.
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Figure 4- 24: Truck Experiment 2 data comparison for 10 mph experiment, run 3.
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Figure 4- 25: Truck Experiment 2 data comparison for 15 mph experiment, run 1.
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Figure 4- 26: Truck Experiment 2 data comparison for 25 mph experiment, run 4.
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Figure 4- 27: Truck Experiment 2 data comparison for PCB 1 ramp experiment, run 3.
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Figure 4- 28: Truck Experiment 2 data comparison for PCB 2 ramp experiment, run 3.
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Figure 4- 29: Truck Experiment 2 data comparison for PCB 3 ramp experiment, run 2.
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Figure 4- 30: Truck Experiment 2 data comparison for PCB 4 ramp experiment, run 3.
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Figure 4- 31: Truck Experiment 1 data comparison for varying superstructure stiffness.
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Appendix A: Truck Experiment 1 Acceleration Plots
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Figure A-2: 10 mph Experiment, Run 2.
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Figure A-4: 10 mph Experiment, Run 4.
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Figure A-5: 15 mph Experiment, Run 1.
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Figure A-6: 15 mph Experiment, Run 2.
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Figure A-7: 15 mph Experiment, Run 3.
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Figure A-8: 15 mph Experiment, Run 4.
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Figure A-9: 25 mph Experiment, Run 1.
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Figure A-10: 25 mph Experiment, Run 2.
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Figure A-11: 25 mph Experiment, Run 3.
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Figure A-12: 25 mph Experiment, Run 4.
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Figure A-13: Static PCB 1 Ramp Experiment, Run 1.
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Figure A-15: Static PCB 1 Ramp Experiment, Run 3.
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Figure A-16: Static PCB 1 Ramp Experiment, Run 4.
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Figure A-19: PCB 2 Ramp Experiment, Run 1.
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Figure A-20: PCB 2 Ramp Experiment, Run 2.
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Figure A-21: PCB 2 Ramp Experiment, Run 3.
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Figure A-22: Static PCB 3 Ramp Experiment, Run 1.
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Figure A-23: Static PCB 3 Ramp Experiment, Run 2.
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Figure A-24: Static PCB 3 Ramp Experiment, Run 3.
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Figure A-25: Static PCB 3 Ramp Experiment, Run 4.
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Figure A-26: PCB 3 Ramp Experiment, Run 1.
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Figure A-27: PCB 3 Ramp Experiment, Run 2.
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Figure A-28: PCB 3 Ramp Experiment, Run 3.
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Figure A-29: PCB 3 Ramp Experiment, Run 4.
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Figure A-30: PCB 4 Ramp Experiment, Run 1.
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Figure A-31: PCB 4 Ramp Experiment, Run 2.
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Figure A-32: PCB 4 Ramp Experiment, Run 3.
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Figure A-34: Data comparison for 10 mph Experiment, Run 1.



180

0ctT

00T

08

(08s) awi]
09

ov

0¢

Eled pieid

€ed dvs ——

T

N

T

N

T

N

4800~

4900~

400"

4¢0°0-

4200

4700

1900

4800

0ct

asuodsay ¥ 90d

08

(08s) awi]

ov

0c

00T

T

ered dvs ——
eled piel4

T

N

09

N

T

N

4800~

4900~

400~

4¢00-

4200

1700

1900

4800

asuodsay Z 90d

(6) uoneis|20y

(6) uoneis|aaoy

0ct 00T

08

(08s) awi]

09

ov

0¢

T

[l ered dVS ——
ereg piei4

T

N

T

N

T

N

800~

4900~

<v0°0-

-¢00-

-¢00

<00

41900

4800

asuodsay € 90d

08

(08s) awi]
09

ov

0c

0ct 00T

T

[l ered dvs ——
eleqg pisi4

T

N

T

N

T

N

80°0-

900~

¥0'0-

¢0'0-

¢00

00

1900

4800

asuodsay T 90d

(B) uonelsg|adoy

(6) uoneis|@20Vy

Figure A-35: Data comparison for 10 mph Experiment, Run 2.
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Figure A-36: Data comparison for 10 mph Experiment, Run 3.
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Figure A-37: Data comparison for 10 mph Experiment, Run 4.
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Figure A-38: Data comparison for 15 mph Experiment, Run 1.
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Figure A-39: Data comparison for 15 mph Experiment, Run 2.
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Figure A-40: Data comparison for 15 mph Experiment, Run 3.
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Figure A-41: Data comparison for 15 mph Experiment, Run 4.
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Figure A-42: Data comparison for 25 mph Experiment, Run 1.
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Figure A-43: Data comparison for 25 mph Experiment, Run 2.
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Figure A-44: Data comparison for 25 mph Experiment, Run 3.
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Figure A-45: Data comparison for 25 mph Experiment, Run 4.
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Figure A-46: Data comparison for PCB 1 Ramp Experiment, Run 1.
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Figure A-47: Data comparison for PCB 1 Ramp Experiment, Run 2.
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Figure A-48: Data comparison for PCB 2 Ramp Experiment, Run 1.
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Figure A-49: Data comparison for PCB 2 Ramp Experiment, Run 2.
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Figure A-50: Data comparison for PCB 2 Ramp Experiment, Run 3.
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Figure A-51: Data comparison for PCB 3 Ramp Experiment, Run 1.
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Figure A-52: Data comparison for PCB 3 Ramp Experiment, Run 2.
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Figure A-53: Data comparison for PCB 3 Ramp Experiment, Run 3.
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Figure A-54: Data comparison for PCB 3 Ramp Experiment, Run 4.
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Figure A-55: Data comparison for PCB 4 Ramp Experiment, Run 1.
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Figure A-56: Data comparison for PCB 4 Ramp Experiment, Run 2.
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Figure A-57: Data comparison for PCB 4 Ramp Experiment, Run 3.
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Figure A-58: Data comparison for PCB 4 Ramp Experiment, Run 4.
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Appendix B: Truck Experiment 2 Acceleration Plots
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Figure B- 1: 10 mph Experiment, Run 2.
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Figure B- 3: 10 mph Experiment, Run 4.
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Figure B- 4: 15 mph Experiment, Run 1.
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Figure B- 5: 15 mph Experiment, Run 2.
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Figure B- 6: 15 mph Experiment, Run 3.
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Figure B- 7: 15 mph Experiment, Run 4.
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Figure B- 8: 25 mph Experiment, Run 1.
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Figure B- 9: 25 mph Experiment, Run 2.
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Figure B- 10: 25 mph Experiment, Run 3.
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Figure B- 11: 25 mph Experiment, Run 4.
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Figure B- 12: Static PCB 1 Ramp Experiment, Run 1.



PCB 2 Response

PCB 1 Response

T T T T T
4O
N
Mo}
—
S J O
—
ERel
L L L L L o
o © ¥ o °© o
o o o o OI (?
(6) uoneis|a20Vy
T T T T T
4O
N
4w
= -
] 4O
—
L
ERtel
t t t t t o
0 © ¥ o o o
[S) S} S} [S) =) )

(6) uoneis|gay

Time (sec)

Time (sec)

PCB 4 Response

PCB 3 Response

T T T T T
4O
N
J 0
—
4O
—
40
L L L L L o
© © ¥ o o o @«
o o o o OI CI>
(B) uonelis|a2oy
T T T T T
4O
N
{
4 w0
—
s 4O
—
e
t t t t t o
. © ¥ o o o @«
[S) [} S} [S) =) =)

(B) uonelig|@20y

Figure B- 13: Static PCB 1 Ramp Experiment, Run 2.
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Figure B- 14: Static PCB 1 Ramp Experiment, Run 3.
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Figure B- 15: Static PCB 1 Ramp Experiment, Run 4.
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Figure B- 16: PCB 1 Ramp Experiment, Run 1.
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Figure B- 17: PCB 1 Ramp Experiment, Run 2.
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Figure B- 18: PCB 1 Ramp Experiment, Run 3.
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Figure B- 20: PCB 2 Ramp Experiment, Run 1.
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Figure B- 21: PCB 2 Ramp Experiment, Run 2.
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Figure B- 22: PCB 2 Ramp Experiment, Run 3.
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Figure B- 23: PCB 2 Ramp Experiment, Run 4.



228

(08s) awi] (08s) awi]
0z ST 0T S 0. o€ Sz 0z ST 0T S 0.
T T T T T0 T T T T T T T0-
+50°0- - -50°0-
T— / 0 o . ;ﬁ " _,_ — ,,, 0
>
4500 8 - -50°0
@
s @ L s
TO 5 T0
{510 8 L 4510
Q
420 ~ = -Z0
1520 - -52°0
1 1 1 1 1 m O r 1 1 1 1 1 1 fm O
asuodsay ¥ 90d asuodsay € 90d
(08s) awi] (08s) awi]
oz ST 0T S 0. o€ 14 0z ST 0T S 0.
T T T T T0 T T T T T T T0-
+50°0- - -50°0-
AR | 0 b i 0
>
4500 8 - -S0°0
@
At @ L s
TO ) T0
{sT0 8§ - 4510
@
{zo = - -Z0
1520 - -52°0
1 1 1 1 1 m O r 1 1 1 1 1 1 fMW O

asuodsay Z 90d asuodsay T 90d

(B) uonelsg|adoy

Figure B- 24: Static PCB 3 Ramp Experiment, Run 1.

(6) uoneis|@20Vy



229

(08s) awi]
0z ST ot S 0_.
T T T G0'0-
éé%% Adf ‘_,f =0
2 2 2 500
asuodsay ¥ 90d
(08s) awi]
0z ST ot S 0_.
T T T G0'0-
%%ZT%%E% 0
. . . 500

asuodsay Z 90d

(6) uoneis|20y

(6) uoneis|aaoy

(08s) awi]
0z GT 0T S 0.
T T T S0'0-
2 2 2 500
asuodsay € 90d
(08s) awi]
0z GT 0T S 0.
T T T S0'0-
g%?é%%sﬁ?%%ﬂi?%ﬁé 0

. . S0'0

asuodsay T 90d

(B) uonelsg|adoy

(6) uoneis|@20Vy

Figure B- 25: Static PCB 3 Ramp Experiment, Run 2.
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Figure B- 26: Static PCB 3 Ramp Experiment, Run 3.
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Figure B- 27: Static PCB 3 Ramp Experiment, Run 4.
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Figure B- 28: PCB 3 Ramp Experiment, Run 1.
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Figure B- 29: PCB 3 Ramp Experiment, Run 2.
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Figure B- 30: PCB 3 Ramp Experiment, Run 3.
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Figure B- 31: PCB 3 Ramp Experiment, Run 4.
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Figure B- 33: PCB 4 Ramp Experiment, Run 2.
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Figure B- 34: PCB 4 Ramp Experiment, Run 3.
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Figure B- 35: PCB 4 Ramp Experiment, Run 4.
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Figure B- 36: Data comparison for 10 mph Experiment, Run 2.
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Figure B- 37: Data comparison for 10 mph Experiment, Run 3.
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Figure B- 38: Data comparison for 10 mph Experiment, Run 4.
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Figure B- 39: Data comparison for 15 mph Experiment, Run 1.
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Figure B- 40: Data comparison for 15 mph Experiment, Run 2.
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Figure B- 41: Data comparison for 15 mph Experiment, Run 3.
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Figure B- 42: Data comparison for 15 mph Experiment, Run 4.
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Figure B- 43: Data comparison for 25 mph Experiment, Run 1.
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Figure B- 44: Data comparison for 25 mph Experiment, Run 2.
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Figure B- 45: Data comparison for 25 mph Experiment, Run 3.
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Figure B- 46: Data comparison for 25 mph Experiment, Run 4.
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Figure B- 47: Data comparison for PCB 1 Ramp Experiment, Run 1.
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Figure B- 48: Data comparison for PCB 1 Ramp Experiment, Run 2.
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Figure B- 49: Data comparison for PCB 1 Ramp Experiment, Run 3.
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Figure B- 50: Data comparison for PCB 1 Ramp Experiment, Run 4.
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Figure B- 51: Data comparison for PCB 2 Ramp Experiment, Run 1.
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Figure B- 52: Data comparison for PCB 2 Ramp Experiment, Run 2.
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Figure B- 53: Data comparison for PCB 2 Ramp Experiment, Run 3.
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Figure B- 54: Data comparison for PCB 2 Ramp Experiment, Run 4.
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Figure B- 55: Data comparison for PCB 3 Ramp Experiment, Run 1.
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Figure B- 56: Data comparison for PCB 3 Ramp Experiment, Run 2.
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Figure B- 57: Data comparison for PCB 3 Ramp Experiment, Run 3.
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Figure B- 58: Data comparison for PCB 3 Ramp Experiment, Run 4.



263

0ctT

00T

(09s) awi]

08 09 ov

0¢

e

T T T

H ered pisid4

€ed dvs ——

T

1 1 X

0ct

asuodsay ¥ 90d

(09s) awi ]

0c

00T

08 09 o

B T

ered dvs ——
eled piel4

T

1 1 N

asuodsay z 90d

(B) uonels|a00y

c0

80°0-

90°0-

¥0'0-

200"

(6) uonels|eady

c0'0

00

900

800

0ct

(09s) awi ]

00T 08 09 ov (014 0

T T T . g

N

ereqd pisi4

€eda dvs ——

T 1 N N ,

0ct

asuodsay € 90d

(99s) awi ]

00T 08 09 oy 0z 0

T T T .

ereqg dvs ——

eleq pigi4

T 1 N N |

asuodsay T 90d

T0

80°0-
900~
¥0'0-

¢0'0-

¢00
700
900

800

80°0-
90°0-
¥0'0-

¢00-

¢0'0
700
900

800

(6) uonels|@ay

(B) uonels|eaay

Figure B- 59: Data comparison for PCB 4 Ramp Experiment, Run 1.
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Figure B- 60: Data comparison for PCB 4 Ramp Experiment, Run 2.
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Figure B- 61: Data comparison for PCB 4 Ramp Experiment, Run 3.
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Figure B- 62: Data comparison for PCB 4 Ramp Experiment, Run 4.
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Appendix C: Eccentric Mass Shaker Properties



Table C- 1:

Eccentric Mass Shaker Properties.

Small Weight Set

Large Weight Set

Eccentricity

11.3 kg-m

53.0kg-m

Frequency Limit

20 Hz

10 Hz

Force Output Limit

44 kN continuously

89 kN intermittently

Shaker Base Plate
Width 0.86m 1.52m
Length 1.52m 2.13m
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Figure C- 1: Maximum safe operating limits of mass shaker (ANCO Engineers Inc.).



