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Chapter 1: Introduction

1.1 Problem Statement

In America’s vast infrastructure, maintaining safel serviceable highways
and bridges is of paramount importance to America/g engineers. Many of the
structures and facilities in this infrastructurévmark were constructed several
decades ago and now require substantial monitardgmaintenance to ensure that
these structures continue to function safely. Thevident through the American
Society of Civil Engineers, which estimates thad $1billion is spent annually to
repair and maintain bridges (ASCE report card 2008)order to meet this
increasing demand to monitor these structuresde wariety of health monitoring
sensors are beginning to be employed throughosetsiuctures.

While the use of structural health monitoring (SHkEthniques to assess the
condition of structures is still in its infancy,wade variety of sensors are beginning
to be used on several high profile structuresuphout the United States such as the
Golden Gate Bridge (Koerner, 2003; Kim, 2007 ).ttWhe advancement in micro-
electronic-mechanical-system (MEMS) and wirelessesetechnology, the costs to
manufacture and implement SHM systems has decreasktldas led to the possibility
of widespread use of such SHM systems throughowtrisa's infrastructure network
(Chang, 2003).

Before sensors for SHM can be implemented ongelacale, they must first

be validated, characterized and calibrated in wefitrolled lab environment. Salt



spray, large environmental temperature variatiomasion, and moisture are all
potential factors that may impact the performarica gensor during its lifespan; as
such the performance characteristics of these senagst be realistically evaluated
before they can be implemented in the field. Thessedata collected from such
characterization tests also provide essential mébion for structural condition
diagnosis and prognosis for predicting remainingfuldife of infrastructures.
However, currently, there is very few (if therearsy) reported testbed for evaluating
and characterizing infrastructure sensors in a-aatitrolled load environment that
can simulate the traffic-induced load actions stilally.

Often these sensors are directly placed in thd &eld evaluated based on
how they perform to actual field and load condiiomhe advantage of this method
of evaluation is that the real loads encounterdtierfield are applied, however, this
method of evaluation lacks control over test vdaalthat exists in a controlled lab
environment and as such the test results are oftefusing because of environmental
noise and too many influencing factors. A hybadting technique offers the
potential for a realistic controlled lab settingwhich realistic loading and
environmental conditions are applied. Thus, a laytasting platform presents a

promising facility for realistically assessing actthracterizing SHM sensors.

1.2 Hybrid Testing

The conventional method to test large scale stractystems has been to
fabricate the large structural components or sidmabbes and test these elements in
a large-scale structural testing facility. Formypde: To evaluate the fatigue behavior

of a steel girder cover plate, the entire girdehwbover plate would be fabricated and



then tested in a large-scale testing setup. Whidemethod of testing may be
appropriate for validating certain components efgtructure, it is very costly as an
entire structural assembly must be fabricated aestt. Furthermore, large structural
testing facilities are limited to a small numbelafations across the United States in
the sense of equipment and technician capabilities.

In some structural problems, there may exist alspeation of the structure
that cannot be readily modeled using the geomedandsmechanics of materials for
the structural elements. For example: welded cotrores, repaired sections,
connections and fuse elements for seismic resistanald be difficult to model
without physical testing. However, larger, simpgiemponents in the structural
system such as W-beams, truss members, and cohmanslatively easy to model
based on the mechanics of these members. Sinbetla&ior of many simpler
structural elements in the system is well knownilevthe behavior of some complex
components of the structure such as welded commecis difficult to predict, why
test the whole structural system when it is ondyrell portion of the structural
system whose behavior is unknown?

The hybrid testing method presents an alternaéisgrg technique to the
conventional large scale structural testing methblde hybrid testing method
involves physically testing the portions of a stare whose behavior is difficult to
model such as a welded connection or repairedsseatihile modeling/simulating
the remainder of the structure. During testingltfagls are specified in the simulated
model, transferred and physically applied to tlst $pecimen (welded connection,

repaired section, etc.), and the response ofélisspecimen is then fed back to the



simulated model of the entire structural systerhusTthe hybrid testing technique
presents the possibility of large scale structtesting without having to fabricate
large portions of the structure. Another advantaigeybrid testing is the ability to
apply any arbitrary form of external load to thexcerned structure.

Since the hybrid testing method is ideal for tegtarge-scale components in
a complex structural system, it presents the igksdform for characterizing and
validating sensor technology for SHM. Furthermaeiace the physical testing
portions of the hybrid testing technique are comeldian a laboratory setting, certain
characteristics of the tested sensors can be gedlba controlling certain variables
in the lab. This presents the possibility for enaing sensors in different
environmental conditions (hot and cold temperathoenidity, salt spray, etc.) during
the testing process. Overall, the hybrid testirghad provides a platform for
developing a testbed for testing large-scale strattomponents under realistic load
conditions and evaluating SHM sensors. A moreil@etaescription of the hybrid

testing method can be found in Chapter 3 titledkty Simulation Methodology”.

1.3 Fatigue in Steel Girder Bridges

One of the major concerns in aging steel highwagegibridges is the
development of fatigue cracks in the steel girdératigue is a progressive, localized
failure as the result of repeated stresses atdekiat are usually far less than the
tensile strength of the material (ASM, 1975). Togbly after several decades of
repeated stresses caused by thousands of loadinghéoading cycles, fatigue cracks
begin to form in fatigue critical regions of stgg@iders. For highway bridges, this

constant loading and unloading is caused by thegggsof trucks across the bridge.



AASHTO estimates that over the 75 to 100 yeardifa bridge, over 100 million
trucks pass over these highway bridges (AASHTOglatiSpecifications, 1990).
The fatigue growth of a structural element hasdlpleases. The first is the
crack initiation by initial fatigue damage. Thssfollowed by the propagation of the
crack as the member continues to be loaded anddedb Finally, after a sufficient
number of load cycles, the member fractures (Bp&&3). A typical image of a

fatigue crack can be seen in the figure below:

4/
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Figure 1- 1: Typical Fatigue Crack in Steel (Fisher, 1998)

The crack initiation begins at locations whereeirgmt defects in the steel are
formed in the fabrication or installation procedathin the microstructure of the
steel, micro-cracks exist, which after a large nandg stress cycles grow in size until
they are visible to the human eye. These fatigaeksrcan also be formed by
discontinuities in the welded portions of a stérlcure. Groove welding or fillet
welding that does not fully penetrate the stedlgslahey are joining or if a lack of
fusion occurs between the weld materials can cdissentinuities in the weld which

can later develop fatigue cracks after many loadiyades (Fisher, 1998).
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In order to identify fatigue in existing steel gk, inspection of steel
highway girder bridges is typically conducted opiennial basis and is limited to
hands on inspection of the visible portions oflthidge. Since the inspections are
biennial, after a fatigue crack forms on a steglai, it can be several months before
an inspection crew identifies the crack (DexteQ20 However, the use of SHM
system with online sensors presents the possildigontinuously monitor steel
girders between regular inspection cycles.

Conventional testing of structural elements faigize usually involves large
scale fabrication of the structural elements (saglfabricating entire W-beams) due
to scale sensitivity and loading these elementsgusirepetitive constant amplitude
sinusoidal force for thousands of load cycles. M/this method of testing may be
appropriate for evaluating a large structural saeasly with several fatigue details,
it is not cost-effective if the primary goal is\alidate and characterize sensors such
as for fatigue detection. Furthermore, the conweat fatigue test of a repetitive
constant amplitude load does not accurately siraubeg actual variable loads on the
structure. An alternative approach to validate eimaracterize fatigue sensors would
be to use a hybrid testing platform where the l&gge components with fatigue
details from the structure of interest would neeté fabricated. Furthermore,
hybrid testing presents the possibility of simulgtmore realistic loading and

environmental conditions through testing in a colled lab environment.

1.4 Research Objective

The goal of this research is to demonstrate hoybaidhtesting platform can

be utilized to validate and characterize sens@siqularly for SHM purpose. This



hybrid testing platform will be demonstrated orygi¢al highway steel girder bridge
with cover plate fatigue detail. An existing bredgiith known structural defects that
required structural health monitoring will be maebblnd utilized in demonstrating
the hybrid testing platform. Various parameteslaed in the hybrid testing
method will be evaluated including the effects wdifaulic ramp time, stress level,
fatigue loading, and complexity of the virtual mbdginally, it will be demonstrated
through the controlled lab environment in the hgligsting how sensors can be

validated under various environmental conditionuibyg a temperature chamber.

1.5 Outline of Thesis

This thesis has been organized into five chapteystd this introduction.
Chapter 2 will describe the prototype structuredusethe hybrid testing and the
actual existing bridge and load history this prgpet was modeled after. Chapter 3
will discuss the general methodology of the hybesting technique and how the
prototype structure is simulated using the hybegting method. Chapter 4 will
describe the experimental setup and results fonybed testing of the Yellow Mill
Pond Bridge, the parametric study of the parametsed in the hybrid testing, and
the controlled environment testing results fordafing sensors under various
environmental conditions. Finally, the conclusiamsl future work will be presented

in Chapter 5.



Chapter 2: Prototype Structure

2.1 Yellow Mill Pond Bridge

To demonstrate implementing the hybrid testing metio develop a testbed
for evaluating structural health monitoring (SHMEhniques and sensors, an existing
bridge with known fatigue details was selected peo#otype structure for this study
and portions of the bridge was fabricated for #st specimen in the hybrid testing.
The existing bridge that this prototype structusswnodeled off of is the Yellow
Mill Pond Bridge in Bridgeport, Connecticut. TheMow Mill Pond Bridge carries
the Connecticut Turnpike (I1-95) and was construatetP58. The bridge carries
three lanes of traffic in each direction and cassié 14 simple spans that typically
have lengths of 100 feet. Given the major intéestiaffic that travels over this
bridge, the girders of the bridge are subject twstant loading and unloading cycles
from thousands of trucks on a daily basis.

All of the girders used throughout the Yellow Mibnd Bridge are hot-rolled
WF-beams with cover plates on both the compresamhtension flanges. What is
unique about these cover plates, however, is theletails. All cover plate ends on
this bridge are not tapered but rather have coithatsare rounded to a radius of 3"
(see Figure 2-1 at the end of this chapter).

Since the ends of the cover plates on the YelloW R&ind Bridge were
rounded instead of being tapered, large stressecdrations built up at the weld toe

at the ends of the cover plate. Given the higlhiwma of truck traffic on this bridge,



this girder configuration made it possible for gaie cracks to form at the toe of these
welds. Bridge inspections in 1970 showed thagteticracks had formed at twenty-
two of the cover plate details at the locationhaf tveld toe (Fisher, 1981). Many of
these fatigue cracks had even propagated intatherlflange and web of the rolled
W-beam sections (see Figure 2-2). After discoygtine fatigue cracks in these cover
plates, several of the beams were replaced armd @é cover plate welds were
retrofitted in 1976 using air hammer peening angltgagsten arc remelting
(Takamori, 2000).

After the fatigue cracks were found on the Yellwhi Pond Bridge, strain
gauges were subsequently installed on the gird&ssa result, a large amount of data
was collected on the stress ranges these girdeosietered. Due to the fatigue crack
prone weld details and large amounts of strain dallacted, the Yellow Mill Pond
Bridge is an excellent candidate for demonstratieguse of the hybrid test method
for evaluating SHM techniques and sensors on kigblvay girder bridges and is

used as the model bridge in the hybrid testingughout this thesis.

2.2 Test Specimen Details

A hybrid testing setup involves two componentkarge-scale but local
portion of the structure that is fabricated andgitslly tested (test specimen) and the
usually larger, remainder of the structure thah@leled numerically in a finite
element model. In the case of the Yellow Mill Pd@ritlge, the girders have standard
W-beam sections and are simply supported; thugitders can be modeled very
easily in a finite element program using the medasof these girders. However, at

the cover plate ends where fatigue cracks are krniovimave formed, this portion of



the girders is very difficult to model numericalgince fatigue cracks and failures fall
outside any linearly elastic assumptions that eamhbde for the girders. As a result,
a test specimen based on the 5'-0" section obtlerlflange and cover plate at the
locations were the fatigue cracks were found waseh to be the test specimen for
the hybrid testing. The rest of the girder is medevirtually using the finite element
software OpenSees (this software is discussedgthde the following chapter).

The first 2'-6" of this test specimen is the loWlange of a typically interior
girder in one of the simple spans. The second(BaB") of the test specimen is the
lower flange with a cover plate. Thus at the ceatehe test specimen is the rounded
cover plate end with the weld detail that has knéatigue issues. A three view
drawing of the test specimen can be seen in Figide

Note that due to the capacity of the test franteservo-hydraulic actuator
used for the test, the cross section dimensiotisedtfest specimen were scaled to
60% of the actual as-built dimensions. One ofrtfagor advantages of the hybrid
testing method is that a large portion of the striecis modeled numerically in a
finite element software. Since this software comioates with the test specimen via
controller during testing, the stresses generated the virtual model can be scaled
down and applied to the test specimen, and th@nsspof the test specimen scaled
back up to the full scale virtual model. Thus,reteough the test specimen has been
scaled down, the full scale response of the estitecture can still be modeled using
this hybrid testing method.

The construction of the test specimen was ma@entdate as close as

possible the actual construction methods useddtackte the girders in the Yellow
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Mill Pond Bridge. To create the weld, a professiomelder was hired and arc
welding was used to create a 3/8" weld betweemraker plate and lower flange of
the test specimen. Images from the constructiontlaa final test specimen can be
seen in the following Figures 2-4 through 2-6.

Since the test specimen is the lower flange anércphate of the girder, the
stress variation from the bending moments is naaticonstant across the flange

cross section (since the bending stress varies=d&¢c/l where c is the distance from

the shear center and the thickness of the flangm&l compared to the depth of the
girder). As a result, the test specimen will beedied axially in the physical testing.

In order to attach the test specimen to the agadihg actuators, an
attachment head was designed to transfer the lagid$ from the actuators to the test
specimen. At the end of this attachment head,-di&teter threaded rod extends
from the attachment head to the axial loading dotua@A 3-view drawing of the
attachment head, a combined drawing of the attashhead and test specimen, and
photo of the test specimen in the testing setupbeaseen in Figures 2-7 through 2-9.

The threaded rod serves two purposes in the tegi.s&ince the area of the
threaded rod is much less than the test specimkeasia much lower stiffness and
thus amplified axial elongation compared to thé specimen. Due to the limited
resolution of the displacement sensors (LVDT) i BiTS servo-hydraulic actuator,
measuring the axial deformation of the test spegiatesmall load levels pose
technical difficulty in feeding precise load valueshe virtual model; therefore, the
threaded rod is used as a displacement amplifaniil yield a greater value of the

displacement in the actuator and subsequently pre@se load data for feedback to
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the virtual model in the hybrid testing. Additidlyathe threaded rod acts as a "fuse
element" which will fracture or buckle if any uneqted issues arise during testing,

thus preventing damage to the test specimen adttors.

2.3 Weigh In Motion Data

The prototype bridge structure described in tlevipus sections was the
Yellow Mill Pond Bridge in Bridgeport, Connecticuin order for the hybrid test
method to accurately simulate the conditions orbtiwge, the loading applied to the
model must also accurately simulate the actualihgaconditions on the Yellow Mill
Pond Bridge. In order to obtain realistic loaddigtributions for the structure, the
load history for the Yellow Mill Pond Bridge ovettlaree-day time window was
obtained from the Connecticut Department of Transpion. This load history was
taken from a truck weigh-in-motion station situabedore the bridge and shows the
loading frequency for different truck weights thghout the loading period. The
weigh-in-motion reports can be found in Appendiaidd have been summarized in
Figures 2-10 through 2-13.

Figure 2-13 is the average of the frequencieshfewarious truck loadings
over the three days that the weigh in motion daa provided. The bi-modal shape
shown in this figure is typical for a large bridggrrying interstate traffic. The first
peak in the graph represents under-loaded or Viggdided trucks, while the second
peak represents trucks loaded near the legal (Binakumar, 2008). This loading
frequency distribution provides a basis for detaing the loading model to be
applied to the hybrid testing model. Several dédfe loading models will now be

presented in the following section.
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2.4 Loading Models

Several different loading configurations (moddiaye been proposed for
fatigue tests loading on bridges. The axle comfigans in these models have been
determined to represent the variety of the actvl@ eonfigurations and gross weights
of the trucks that travel the interstate roadwasteay. The foremost of these
configurations is the AASHTO Fatigue Truck spedfia the AASHTO Fatigue
Guide Specifications (AASHTO, 1990). This axle figaration is shown in Figure
2-14. The AASHTO Fatigue Truck was developed basedeigh-in-motion (WIM)
studies from over 27,000 trucks and 30 sites nafide (Synder et al., 1985).
Furthermore, the axle spacing was approximateddas¢he axle spacing of four
and five axle trucks, which dominate the fatigueege in bridges (Chotickai, 2004).

An alternative fatigue truck model was proposedrlaty Laman and Nowak
which is based on a study of five steel bridgeslwaoed with simulation results
(Laman and Nowak, 1996). This study found thagtet damage in bridges was
primarily caused by ten and eleven axle truckse a&kle configuration for this
fatigue truck is shown in Figure 2-15.

Due to the widespread acceptance of the publicaitay AASHTO, the
AASHTO Fatigue Truck will be used as the loadingfaguration for the load model
for the hybrid testing throughout this thesis. &ltitat the AASHTO Fatigue Truck
loading configuration in Figure 2-14 shows the agerrecommended axle weights
for the fatigue truck. However, these averageesltan be modified based on an

actual gross truck weight distribution such asiguFe 2-13 for the Yellow Mill Pond
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Bridge. AASHTO recommends modifying the gross weigf the fatigue truck so

that:

This equation provides a way transforming a grosmght distribution into a constant
amplitude equivalent gross weight for the fatigugk. This equation lends itself
well to fatigue testing where constant amplituded® are applied cyclically for
thousands of cycles. However, due to the natutg/lofid testing, the load
distribution does not necessarily need to be simeglito a constant amplitude load
(note the details of hybrid testing are descrilvechore depth in Chapter 3).
Furthermore, hybrid testing lends itself to havanigad history over time which need
not be a constant amplitude truck loading. Sdtig prototype structure of the
Yellow Mill Pond Bridge, the actual loading on thedge can be simulated more
accurately by generating trucks at different gnesgghts subject to the actual discrete
loading distribution shown in Figure 2-13.

Based on the discrete load distribution shown gufé 2-13, a discrete
cumulative distribution function (CDF) was detereminto randomly generate the
gross weights of the trucks to be applied to theriaytesting model. To check the
cumulative distribution function, a set of 1,000cks was generated and their gross
weights tabulated. A plot of this data, which skdive discrete cumulative
distribution function and discrete probability distition function (PDF) can be seen
in Figure 2-16. Based on this cumulative distidautfunction, trucks with different

gross weights will be randomly generated and agpbehe hybrid testing model.
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The advantage of this type of loading model is thadore accurately simulates the
actual loading the bridge experiences throughsuiféspan.

Overall, the test specimen has been designedltwfdhe actual as-build
dimensions of the bridge as closely as possibieceShe fatigue prone sections of
the bridge are at the interface at the ends otdlver plates on the lower flanges of
the girders, this section of the girder will beriabted for the physical testing portion
of the hybrid testing. The remainder of the stetwill be modeled virtually as a
finite element model. Based on the gross weighlF Gbmore realistic loading
pattern can be applied to the structure durindhgfizid testing. Next the details of the

hybrid testing are described in the next chapter.
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Figure 2- 1: Rounded Cover Plate End for Yellow Mill Pond Bridgésher, 1981)

Figure 2- 2: Fatigue Cracks at Cover Plate Detail (Fisher, 1981)
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Figure 2- 4: Completed Test Specimen

Figure 2- 5: Test Specimen During Arc Welding
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Figure 2- 6: Close-up of Test Specimen Weld
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Figure 2- 8: Combined Test Specimen and Attachment Head
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Figure 2- 10:Day 1 Yellow Mill Pond Bridge Weight in Motion Data
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Figure 2- 11:Day 2 Yellow Mill Pond Bridge Weight In Motion Data

Figure 2- 12:Day 3 Yellow Mill Pond Bridge Weight In Motion Data
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Figure 2- 13:Average Yellow Mill Pond Bridge Weight In Motion Eza

Figure 2- 14: AASHTO Fatigue Truck (AASHTO, 1990)
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Figure 2- 15:Laman and Nowak Fatigue Truck (Laman and Nowak£199
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Figure 2- 16:Yellow Mill Pond Discrete PDF and CDF

25



Chapter 3: Hybrid Testing Methodology

3.1 General Description

The conventional method of testing structural esyst involves fabricating the
structural system members, simplifying the loadgattern, and applying these
simplified loads and measuring the response o$theture. While this method is a
proven method for structural testing, it is oftearywcostly and limited to locations
that have access to large testing equipment. Hemyveftentimes only a portion of
the structural system is of direct interest toghgineer, and typically the behavior of
this portion of the structure is less known comgarcethe rest of the structure.
Particularly in the case of fatigue, only portimighe structure are usually deemed
fatigue critical, and it is these portions of theisture that are of the most interest to
the engineer. Furthermore, when the loading residéhe linear range of the
structural members, the behavior of most of thecsiiral elements can usually be
predicted quite accurately using basic mechaniesaiérials principles. Thus, it
seems inefficient to fabricate entire structurategns and test them, when often only
a portion of the structure is of interest.

The hybrid testing method presents a novel lacgéedesting alternative to
overcome the shortcomings of the conventionalrigstiethods. The basic principle
of this hybrid testing method is that typically thehavior of the majority of the
structural elements in a structural system carablyfaccurately modeled and

predicted with currently available finite elemenbaeling techniques. Furthermore,
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often the behavior of a select localized portiothaf structure cannot be accurately
predicted such as a fatigue prone detail or arépa structural element. The hybrid
testing method combines these two assertions laiegetwo components in the
testing process.

The first of these two components is the virtiahponent of the testing. The
virtual component consists of a finite element madall of the elements and
portions of the structure that can be easily matlakng the linearly elastic structural
analysis principle. In the hybrid testing perfodme this thesis, the virtual
components are defined in a general purpose &h@ent program OpenSees (Open
System for Earthquake Engineering Simulation), Whias developed at the
University of California, Berkeley (McKenna 1997).

The second component of the hybrid testing isatttaal physical component
to be tested in the lab. The physical componeth@testing includes the portions of
the structure that cannot be accurately modeléadriinite element software. As a
result, these portions of the structure must badated and will be physically tested
to determine their characteristics and responsifferent loadings.

What makes hybrid testing unique is that it corabiboth of these
components together simultaneously during testifige loading patterns to the
structural system are specified in the virtual modée virtual model does the
computation in which these loads are distributedltof the structural elements;
when the virtual model encounters the elementsaiepart of the physical test
components, it transmits the load from the modehéophysical testing equipment

via pre-specified interface degrees-of-freedom (BOFActuators then apply these
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loads at interface DOFs to the physical test spexsgiand record their responses
(displacements, stresses, etc.). These respohgesghysical components are then
sent back to the virtual model, and the model wgslahd proceeds to the next step in
the computation process. The next set of loadthareapplied and the cycle
continues. Figure 3-1 demonstrates this sequeticieglres can be found at the end
of this chapter).

The major advantage of this method of testingas only portions of the
structure whose response is not predictable witfeaticomputation techniques need
to be physically tested, and the response of ttestgoortions of the structure is
measured in real time and sent back to the vigwattural model for updating the
computation. Thus a relatively large scale testspen can be used even in a test
facility which does not have adequate large sdaletsiral testing equipments (e.g.,
strong floor, reaction wall, reaction frames, semyaraulic test equipments).
Nonlinear behavior of the test components can lagsconsidered in the prediction of
the structural response behavior through measurenderother advantage of the
hybrid testing is the flexibility to apply any attary form of loading such as time
varying environmental loads in the virtual modetto# concerned structure.

As described in Chapter 2, to demonstrate theotiges hybrid testing
technique for evaluating sensors and structurdtthesonitoring (SHM) techniques,
an actual existing bridge with known structuraleste$ (fatigue issues) will be
modeled (Yellow Mill Pond Bridge in Bridgeport, Quecticut). This bridge will be

broken down into two components for the hybriditegtthe virtual and physical
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(experimental) components. These two componestdescribed in the following

two sections.

3.2 Virtual Component

The Yellow Mill Pond Bridge was designed to beded within its linear
range throughout its lifespan. Thus, for the sgg@lers which support the bridge
deck, the only portion of the girder that cannotdedily modeled is the fatigue prone
areas at the interface between the end of the gatr and the lower flange. Thus,
the majority of the steel girders can be modeleaiaily within the OpenSees finite
element software.

Since the girders for the Yellow Mill Pond Bridgee typically 100 feet in
length, the hybrid simulation for this bridge wik for an interior girder with the
same section properties as listed in the as-blaittsp(Fisher, 1981). The virtual
component of this bridge will encompass all of ploetions of the girder except for a
5'-0" section of the lower flange centered arourainterface where the bottom cover
plate terminates. This 5'-0" section will be desigd as the physical (experimental)
component in the hybrid simulation (see section.38schematics showing the
components in the hybrid testing is shown in FigRHz

To perform hybrid testing, a software frameworka&to be first established
to integrate the physical testing elements withabmputer model. Figure 3-3 shows
the architecture of such a software framework degiicts its basic components and
the interrelationships. OpenFresco is one of thEitl test software frameworks
which has a modular architecture (Schellenberd. @086, 2008). Each module can

be modified and new ones can be added withouttaffeother modules. In
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OpenFresco, a module is called a class, includkgeEmentalElement,
ExperimentalSite, ExperimentalSetup and Experimi€otatrol classes. The
relationship between these classes is shown scloathain Figure 3-3. During a
hybrid test, the first task for the software franoekvis to transform the degree-of-
freedoms from the coordinate system of the finikenent (FE) software to those of
the specimens being physically tested, by considdhe geometry and kinematics of
the system. Subsequently, another class is refg@figr communication between
the laboratory control and data acquisition systefm geographically distributed
hybrid testing, another class is needed to fat#litae communication between
distributed experimental sites and the mastendiieh runs the computational
software and works as the coordinator in the test.

As stated previously, the finite element softwasedifor this hybrid testing is
OpenSees (McKenna 1997). This software was ofligidaveloped for general
purpose nonlinear finite element analysis of comglteuctures undergoing inelastic
deformation. As a result, the software has a lange library of various finite
elements for use in modeling the structure. Opesdtr is independent of the FE
software used, meaning that any FE software thavalthe addition of new elements
can be used, such as Abaqus, LS-Dyna, OpenSedapMetc. For example,
OpenSees can be readily used with OpenFresco leeohiis object oriented design
methodology. Unlike a pure numerical analysis cmteld in OpenSees, the
difference in hybrid testing is to replace the nuoa element with the
ExperimentElement from OpenFresco and add the noah@ntegration operators

(Schellenberg et al. 2006). A deeper discussitmthre relationship between
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OpenSees and the physical testing equipment phatfodescribed later in section

3.5.

In order to model the Yellow Mill Pond Bridge in @pSees, two different
types of models were explored. The first of thigpes is a planar model based off
truss elements, which can only handle axial foezebdeflections. The goal of this
type of model is to simplify the girder into an egalent truss comprised of a series
of truss elements, which yields the same globallacal responses under moving
loads from passing trucks. An image of this tnmeslel can be seen in Figure 3-4.
As Figure 3-4 shows, the girder has been simplifital a series of truss finite
elements. The horizontal elements at the top atidin chords of the truss model act
as the upper and lower flange elements in the girdiae shear effects are taken by
the diagonal and vertical truss members. Notdabetion of the physical element
that is to be fabricated and physically testedead time with the virtual model is

circled in red.

In order to fine tune the proper cross sectioneds of all the truss members
so that the deflection of the truss closely minties actual deflection (determined
from analytical beam equations) of the Yellow MRlbnd Bridge girder, an iterative
trial-and-error process was employed. Under ahigrary loading the deflection of
simply supported girder can be determined usingp#&sn equations from Mechanics
of Materials. A general point load was appliedie midspan of a 100" girder with
the properties as specified in the as-built plangHe Yellow Mill Pond Bridge.

Using the general beam equations, the deflectiativen calculated at the midspan.

The cross sectional areas of the truss model agrspreviously in Figure 3-4, were
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then modified and iterated until the midspan deibecof that truss model was within
5% of the midspan deflection of the Yellow Mill RbBridge girder as calculated
from the beam equations. This iterative processaaaried out using a MATLAB
script trussarea.m, which can be found in Appe®liXA summary of the actual
girder areas of the flanges and webs as specifititei as-built plans for the Yellow
Mill Pond Bridge compared to the calculated cresgisenal areas for the truss model
of the bridge can be found in the following tabNote that for the truss model,
flanges refer to the horizontal truss members ertap and bottom of the structure

and web refers to the diagonal and vertical members

Table 3- 1:Comparison of Actual to Virtual Models

As-Built Yellow Mill | OpenSees Truss Mode
Pond Bridge Girder

Flanges 20.8 M 25.5 irf
Web 23.8in 23.2irf
Total Area | 65.4in 74.2irf

As the above table shows, the area of the flafayebe virtual model are
larger than the flange areas of the actual bridgkes. This was required, since for
the actual bridge girder, the stiffness againstbencame from both the flanges and
web. However, since the virtual model is compaosfeaially loaded members (truss
members), the stiffness against vertical deflectimme from only the cross sectional
areas in the "flange" type axial members and sulmsdty had to be increased to
properly simulate the deflections of the actuatige girders.

The major advantage of using truss members to htlee@ctual bridge girder

resides in the computational benefits. By usingdrelements throughout the model,
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the number of degrees of freedom at the nodes asesecompared to using other
types of elements such as beamcolumn or plate alsm&urthermore, since fatigue
tests can have several thousand cycles, it is éayaous to use a computationally
efficient model. Thus, by modeling the girder gsiruss elements, the computations
between loading cycles becomes much faster andtibeaesands of loading cycles
this results in a savings of time.

While using a truss model is computationally e, is not the most
accurate finite element model for modeling a briggder. Thus, a second type of
virtual model was designed for the hybrid testinggisting of quad elements (plane
stress 2-D elements) for comparison purpose. @leadents are similar in geometry
to plate elements, however, they only allow tratisteat the four nodes at the corners
(see Figure 3-5).

The quad elements were used to make up the wéie gfitder in the virtual
model. Since the actual girder being modeled hlagight of 36.5" and is 100'-0"
long, the web was meshed into 500 smaller quadesiesneach of dimensions 7.3" x
12". For the flanges in this virtual model, tretsments were again used similar to
the virtual truss model described earlier in tleist®n. The nodes for these truss
members were placed every five feet along the toplettom of the web. The
reason for using the truss members and the fivesjpacing is due to the portion of
the structure that will be physically tested (thgsical component). This physical
component of the testing is the 5-0" length ofltb&om flange centered around the
location where the cover plate terminates. Thuseafoot spacing was necessary to

match the physical test specimen. Furthermoreeteng equipments (including
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reaction frames and servo-hydraulic equipmentff)erstructural lab for hybrid
testing is set up for performing axial loading. ushin order for the data from the
physical testing to be updated in the virtual tegtihe interface between these two
systems could only accommodate axial forces, wisicmly possible through truss
finite element members. An image of this virtualdal composed of quad elements
for the web and truss elements for the flangestéilean the OpenSees Navigator is
shown in Figure 3-6.

Beyond using quad elements to more accurately septeéhe web of the test
structure, this second virtual model was also aesigo model the dynamic effects
that the bridge would undergo as trucks pass dwestructure. This was
accomplished by assigning material densities tajtleal elements to incorporate the
mass effects of these elements. Furthermore, ldmmesses were added to nodes
along the top and bottom flanges. These mass&sntmaccount the mass of the
flanges as well as the mass of a 7 ¥"-thick corailetk on top of the girders. These
masses provide the inertial properties of the tirethat are required for a dynamic
analysis.

In addition to assigning masses to the elementsadds of the structure,
damping was also taken into account in this virtnatel. Since the software used in
the hybrid testing for the virtual model was orggig designed for use in earthquake
engineering, a variety of damping schemes existeis programming library.
Rayleigh damping was chosen to model the dampinigeo$tructure. A damping
ratio of 1% was selected to be applied to the fiwst modes of the structure. This

damping ratio was selected based on the matenigteistructure; the girders were
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constructed out of steel and there is a 7 ¥4"-tbhankcrete deck on top of the steel
girders. Thus, a damping ratio of 1% was chosenddel the structure.

As can be seen in Figure 3-6, this second virtuaehfor the test structure
consists of significantly more nodes compared #otthiss model due to the meshing
with the quad elements. As a result this modetush more computationally
intensive for each load cycle, and over the thodsar load cycles during the hybrid
test, this type of model runs much slower, sincedquires substantially more
computations compared to the truss model.

Both of the previously described virtual modelsigs element model and
guad element model) present two different ways ¢dehthe Yellow Mill Pond
Bridge virtually in OpenSees. Both of these motialge advantages and
disadvantages over each other in computationabdspee model accuracy. However,
these virtual models only comprise the first congaann the hybrid testing, the
virtual component. The second component of theidybsting involves the portions
of the structure that cannot be easily modeledaily; these portions of the structure

comprise the physical component of the hybrid hesti

3.3 Physical Component

The major advantage of hybrid testing is thatd¢oirporates both the
efficiency of computer simulation with the realisrihphysical testing. As described
in section 3.2, the majority of the Yellow Mill PdmBridge can be accurately
analyzed virtually using a finite element modelowéver, there is one section of the

bridge that difficult to model virtually. This sgan is the interface between the
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lower flange and the end of the cover plate. Titesrface is shown again in Figure
3-7.

Due to the stress concentrations that developeatviid interface between the
cover plate and lower flange, this portion of ttreicture is susceptible to fatigue. As
a result, the response of this portion of the stmecfor thousands of load cycles
poses significant challenges to computer simulatigh currently available
commercial finite element program. Thus, this jporbf the bridge is preferred to be
physically tested to determine the actual respoh#es section of the structure, and
it is this portion of the structure that comprigies physical component of the hybrid
testing.

As described previously, a five foot section of kibver flange, centered at
the weld at the interface between the lower flaauge cover plate will be used for the
physical component of the testing. A five foottemtwas chosen for two practical
reasons. First, the capacity of the testing figcdivailable to perform this research
lends itself for testing structural elements ofifamsize. Second, the spacing of the
nodes in both of the truss and quad element virhaalels were designed to fit a five
foot physical test specimen, so that the respamstné physical testing could be
seamlessly and accurately transferred to the Vinalel.

The details of this physical component of the hylbeisting were described
earlier in Chapter 2. This test specimen is thesigal component in the hybrid
testing and will be tested simultaneously with ¥ireual model to determine the

overall structural response of the Yellow Mill PoBddge. A picture of the test
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specimen (physical component of the hybrid testinghe test setup is shown in

Figure 3-8.

3.4 Loading the Prototype Structure

Conventional structural testing usually involvesifying a complex
loading history to a more basic loading such asssidal loads with a constant
amplitude. While this method of testing is gooddeveloping basic structural
responses and general fatigue response modelekirhighway girder bridges it
does not realistically simulate the actual loadirsjory that occurs throughout the
lifespan of the bridge. As was shown in sectidi@.the Weigh-In-Motion (WIM)
data, the loading on a highway bridge is of a ramdarm following a bimodal shape
(Sivakumar, 2008) in the probability distributiaimttion.

In hybrid testing, the loads are specified inthieual model. These loads are
then transferred to all of the individual elementghe structure as well as the
interface degrees-of-freedom where the physicalpmrents are connected to the
virtual model. The interface loads are then tramsfl to the servo-hydraulic
actuators via controller which apply the specifigsblacement (for displacement
based test control) or force (for force-baseddeatrol) to the physical component
(test specimen). The response of this test specisndien measured and fed back to
the virtual model via controller and the forces aigplacements in the finite
elements update themselves. The second load tyaiebegins and the process
repeats itself.

As this description shows, for hybrid testing, éxternal loads are usually

applied to the virtual finite element model. Sirnlsey are specified virtually, detailed
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load histories of an arbitrary form can be credtedhe hybrid testing that are more
realistic in describing actual environmental loéelg., truck load or wind load) than
constant amplitude loads. For the case of theoveMill Pond Bridge hybrid test, a
loading history was defined that more accuratetysated the actual truck loading
with variations in the loading that followed thewad probability distribution of the
trucks more closely.

As described in section 2.4, the AASHTO Fatigueckrwas selected as the
loading model for the hybrid test for the YellowIM?ond Bridge. To create a
realistic loading cycle that simulated the fatiguesk driving over the bridge, the
loads at each of the nodes on the top flange wadosilated based on the location of
the fatigue truck on the bridge over time. A timstory of the loads on each of the
nodes was developed based on a fatigue truck lirayekt 40 mph over the bridge.
Using two programs written in MATLAB titled createldmatrix.m and
yellowmillpondloadfile.m (see Appendix B) a dis@e¢ime interval was selected, and
the load on each of the nodes was calculated atteae interval as the fatigue truck
travelled across the bridge. After the fatiguekrbad completely crossed the bridge,
a second fatigue truck was sent over the bridgelaatbads on each of the nodes
calculated again. Using this process and severadied fatigue trucks, a suitable
loading history was generated for the hybrid testiAn example of a typical load
history at one of the nodes of the bridge strucisishown in Figure 3-9.

Figure 3-9 shows a portion of the loading histimrynode 4; in this case it is
for the first four trucks that pass over the bridigest 9 seconds of loading). As

Figure 3-9 shows, all of the trucks do not creaeegsame magnitude of loading. For
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example truck 2 has a much smaller loading comp@réaick 4. This demonstrates
the probability distribution function that genematbe gross weights for each of the
trucks in the load history. The gross weight affetuck generated in the load
history is based on the discrete probability distiion function shown in Figure 2-13.
Thus, each truck that is generated for the loatydas a different gross weight,
and after hundreds of trucks are generated fohybed testing, a realistic
distribution of truck weights is generated that enaccurately simulates the actual
loading distribution that occurs on the Yellow M#bnd Bridge. In addition to the
gross weight distribution that occurs, Figure 3sbahows how each truck creates
three pulses as it passes over the bridge. Tsirdite what each of these three pulses
represent, a close-up view of the load historytfiock 1 is shown in Figure 3-10.

Recall that the AASHTO fatigue truck consists okthaxles (see Figure 2-
14). In this loading configuration, the first axarries only a small portion of the
load, while the back two axles carry the majorityh® load. This loading
configuration is what creates the three pulsekendading history for each truck that
passes over a given node in the model. The fuisiegas the first axle in the truck,
while the second and third pulses represent thk tvax axles of the fatigue truck.
Note that there is a time gap between each ofxles.aThis is because for a truck
travelling at 40 mph, this is the time gap betweaah of the axles driving over that
particular node.

In addition to the moving load due to the fatiguek travelling over the
bridge, the dead load from the self weight of thidags and concrete deck must also

be taken into account in the loading. Given thmutary area of the deck above each
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node and the length of the girders between each,r@odonstant dead load force was
added to the time history developed for the liveed® from the fatigue trucks. Figure
3-11 shows both of these loads. As this figurexshiohe live load shown in Figure
3-9 has been bumped up by a constant dead loakdopler the entire interval.

Now that the load history, virtual, and physicaigponents of the hybrid
testing have been described, the only portion @htybrid testing methodology that
needs to be clarified is how the physical and girtomponents of the testing
communicate with each other in real time duringtdsting. This is accomplished

through the software component OpenFresco, whidessribed in the next section.

3.5 Openfresco

Both the virtual and physical components of thertuytesting are controlled
by different systems. In the case of the Yellowl Mond Bridge Hybrid Testing in
this research, the virtual component is controligdhe OpenSees software program,
while the physical component is tested using seotrolled MTS actuators. A
component is needed to bridge the two systemshegsb that the virtual component
can communicate in real time with the physical congnt of the hybrid testing. The
software component that accomplished this taskpsnBresco. The hardware
component to facilitate this communication is an$/HlexTest 60 controller and a
driver for hybrid simulation developed by MTS.

OpenFresco is short for Open Source Framework xpeEmental Setup and
Control. This software was developed similar te@pees at the University of
California, Berkeley. OpenFresco works by actiagree "middleman” between the

physical testing component and the virtual compbtigt is in the software
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OpenSees. Forces from the virtual model are tratesiroy OpenFresco to the
testing actuators where these forces are theneapaithe physical component (test
specimen). The response from the physical compgosdinen transmitted to
OpenFresco which transmits the displacements apbnses of the test specimen to
the virtual model in OpenSees. This whole processirs seamlessly in real time
allowing the virtual model to be updated with tkeponse of the physical component
immediately after the forces are applied. A diagshowing the communication that
occurs between the virtual component, physical aorept, and OpenFresco can be
seen in Figure 3-12.

This concludes the description of the hybrid tegtnethod. As described in
the previous sections, the hybrid testing methtmhal complex structures to be
broken down into virtual and physical componentgesting based on the degree of
knowledge of the mechanical behaviors of those neesabThe hybrid testing
method combines virtual modeling of the componeritese behavior can be easily
predicted with physical testing of the componenith Wwehaviors difficult to simulate
on computer. In the case of the Yellow Mill Ponddge, the girders of this bridge
were broken down into virtual components for thetipas of the girder within the
linear elastic range and a physical componentfeddcation on the bottom flange at
the interface of the cover plate where fatigue ksdwave been known to form. This
physical component was detailed in the test spatim€hapter 2. Now that the
general description of the hybrid testing method laow it is applied to the Yellow
Mill Pond Bridge has been described, what remarbke actual hybrid testing. The

results of this testing are presented in the falh@wchapters.
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Figure 3- 1: Schematic illustration of Hybrid Testing scheme
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Figure 3- 5: Quad Element (Mazzoni, 2009)
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Figure 3- 6: Virtual Model #2: Quad Element Model
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Figure 3- 7:Interface between Lower Flange and Cover plate gfredti, 2000)

Figure 3- 8: Test Specimen (Physical Component)
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Chapter 4: Hybrid Testbed for Sensors Characterizabn

4.1 Overview

As described in the previous chapters, a hybrithigsetup demonstrated
with a prototype steel I-girder highway bridge vdgveloped. A series of hybrid
tests were performed to characterize this sensacterization testbed. The hybrid
tests can be divided into three stages. The tiagfesis the actual hybrid testing of the
Yellow Mill Pond Bridge where realistic traffic lda were generated and applied to
the bridge model in the hybrid testing setup. Ehesults are discussed in section
4.2 and are evaluated as to how accurate the hidsiithg setup represents the actual
response of the Yellow Mill Pond Bridge subjectedraffic loads. The second stage
involves a parametric study into the effects ofwhgous parameters involved in the
hybrid testing setup. These parameters includeatimg time of the servo-hydraulic
test equipment, the type of virtual model, stresel, experimental drift in repetitive
tests, and the effect of an impulse or ramp loatiéntime history. Each one of these
parameters and their effects on the hybrid tesesglts are evaluated in sections 4.3
through 4.6. The final stage involves hybrid t@gtivith a controlled environmental
chamber. In particular, the effects of elevatedperatures on the hybrid tests and

various sensors for structural health monitoringNg is discussed in section 4.7.
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4.2 Hybrid Testing Results

A hybrid testing setup was created to validate @vatacterize infrastructure
sensor technology, using a model of the Yellow Mitind Bridge as the prototype.
This setup consists of two primary componentsyviiteal component which includes
the OpenSees model of the majority of a typicanor girder in the bridge and the
physical component which was a 5'-0" fabricatedise®f the lower flange at the
location where the cover plate terminates. A nmiordepth description of both the
virtual and physical components of the hybrid tegsetup is given in Chapter 3. A
photo of the physical component of the hybrid tests shown in Figure 4-1.

From this test setup five types of data were ctéldcthe actual force and
displacement the test specimen underwent durintgsteng, the virtual force and
midspan deflection of the virtual OpenSees modwl,the nominal strain in the test
specimen. The actual force and displacement iteftespecimen were measured
using a load cell and LVDT installed on the MTSuator, the virtual force and
displacement were available from the OpenSees &magnd the nominal strain was
measured by strain gages installed on the testrspac

The metal foil strain gages (model#: Vishay EP-888F-350) used
throughout the test were quarter bridge with 35@®kesistance and were placed 8"
away from the transverse cover plate interface welthat any "hot spot” stresses
near this change in cross section would not affeestrain readings from these strain
gages; this way the strain recorded is the nonsitnain for the test specimen. A

close up view of the location of the strain gageshiown in Figure 4-2.
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As described in Chapter 3, AASHTO fatigue trucksewandomly generated
using a cumulative distribution function determiriezin real weigh-in-motion data
obtained from the Yellow Mill Pond Bridge site. d3e fatigue trucks were generated
virtually in OpenSees and the forces caused byetfegue trucks were transmitted
throughout the bridge model and later to the testsnen through the hybrid test
setup. A typical figure showing the force appliedhe test specimen can be seen in
Figure 4-3.

Note that Figure 4-3 shows the actual force appbettie test specimen. This
force is scaled up in the OpenSees virtual modeteshe test specimen was
fabricated at a 60% scale. In Figure 4-3, thigiydomly generated AASHTO Fatigue
Trucks were applied to the Yellow Mill Pond Bridg€&he two sharp peaks for each
truck show the response of the structure to thetveaaxles of the fatigue truck,
which have the heaviest loading. The front axléheffatigue trucks imparts a
considerably smaller force compared to the reagsaahd its effect on the loading is
less pronounced. A close-up image showing theihgair a single fatigue truck can
be seen in Figure 4-4. From the previous two Bguhe effects of both the dead load
and moving load can be seen. The dead load ismigied immediately at the
beginning of loading and is the constant force Wwelee moving truck loading of
approximately 5.8 kips. The moving load due tospagtrucks is then superimposed
to this dead load shown by the peaks in the previao figures.

The most important results that can be gathered the previous two figures,
however, is the ability of this hybrid testing tatn to realistically apply load

histories that closely mimic the actual loadindwidge encounters. The unique load
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history shown in the previous figure varies dragadly from the typical constant
amplitude loadings that conventional structurafingsuses. By virtually specifying
load time histories and allowing the finite elemerddel in OpenSees to transmit
these loads to the physical test specimen, a nealistic structural response to this
loading history can be determined. This is paléidy important when trying to
validate and characterize sensors, particularlydcal SHM purposes such as
ultrasonic guided wave sensors for fatigue crad¢kdmn. Since the physical test
specimen is subject to the loadings shown in FiguBe any sensors placed on this
test specimen are also subject to this more realogiding history and their responses
to this type of loading effect (e.g., fatigue cragkwth) can be characterized. This
type of sensor validation is not available with wemntional constant amplitude
structural testing.

As described previously, Figure 4-3 shows the ddtwae applied to the test
specimen before it has been scaled up in OpenS#ese the test specimen is at a
60% scale, the loading seen by OpenSees is ldrgertihe actual force the test
specimen experiences. Furthermore, due to thadbcerod at the end of the test
specimen, the displacement is also amplified toactfor the stiffness of the
threaded rod.

In the hybrid testing program, two scale factorech® be set for
displacement and force respectively. This is beeau60%-scaled specimen was
used in hybrid testing. One of these two factoedescthe displacement applied to the
test specimen and the other factor scales the fesgonse of the test specimen to be

fed back into the OpenSees model. These two feter related by the similitude of
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stresses between the physical test specimen anuSeps model. Detailed derivation
for each of the scale factors used in this hylegd tan be found in Appendix C.

The hysteresis plots of each of the steps usechiimg the force are useful in
illustrating how these scaling factors are deteadinFigure 4-5 shows the hysteresis
loop of the physical test specimen as it was loddexlighout the hybrid test. The
slope of this hysteresis plot is the true stiffnelsthe subassembly comprised of the
test specimen and threaded-rod test fixture; howeugce the threaded rod portion
of the test setup has a much smaller stiffness aoaapto the portions for the flange
and flange with coverplate, the stiffness valuedatned from Figure 4-5 is largely
dominated by the stiffness of the threaded rod gttiness from this hysteresis plot
is about 100 kips/in). The displacement respoifisleeotest specimen will be scaled
down when it is fed back into OpenSees to accaumtie low stiffness of the
threaded rod, and the determination of this scdhatpr is shown in Appendix C.
Note that the hysteresis is not linear for disphaeets smaller than 0.04 inches. This
is due to initial force overcoming any initial skaaess or gaps associated with the
threaded rod fixture. This initial nonlinearityasly present at the beginning of the
test when the dead load is applied and does nadtrpe portions of the hybrid
testing when the vehicle loads are applied.

The force and displacement from the physical testisnen are scaled and fed
back into the OpenSees model. The hysteresis slgawis response once it has been
scaled in the OpenSees model can be seen in Hgiirdn this figure the force has
been scaled up to account for smaller scale sigeediest specimen and the

displacement has been scaled down to accountdédoth stiffness of the rod. As a
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result, the slope of this hysteresis is much latigen the test specimen and more
closely resembles the actual stiffness of the Idleege of the Yellow Mill Pond
Bridge. The stiffness determined from this hyster@lot is around 14,300 kips/in.

In order to determine the accuracy of the hybrad $ealing between the test
specimen and OpenSees, a purely virtual finite efgrmodel was loaded using the
same load history as the hybrid testing load hystand this theoretical response was
compared to the actual response obtained fromythedtesting. The hysteresis
from this purely virtual finite element respons@ ¢t seen in Figure 4-7. Note that
since this response is from a purely virtual modes, linear throughout the entire
response and does not have the initial nonlinetlrdaythe hybrid test hysteresis plots
exhibit. In order to verify the hybrid testing 8ing factors, the slope of this purely
virtual finite element hysteresis (stiffness) sliblié similar to the slope determined
from the hybrid testing (in Figure 4-6). The st#ks from the purely virtual model
hysteresis in Figure 4-7 is 13,400 kips/in. Thireess value is relatively close to
the stiffness value from the hybrid testing, whictlicates that the response of the
physical test specimen after it is scaled up inr3aes is similar to the theoretical
response of the Yellow Mill Pond Bridge. The follog table summarizes the

stiffness values determined from each of the prevtbree hysteresis plots.

Table 4- 1:Comparison of Stiffness from Hysteresis Plots

Hysteresis Model Stiffness (kip/in)
Test Specimen 100

OpenSees 14,300

Purely Virtual Model | 13,400
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Accurately determining the scale factors for thbrig/testing can be very
difficult, particularly when an element is presemeamplify the displacement (the
threaded rod in this hybrid test). The stiffnebthes type of element along with
other second order type deflections such as oplane displacement and non-
eccentric loading need to be fully considered meotto have accurate results. The
calculations in Appendix C provide a theoreticadibdor determining these
stiffnesses and associated scale factors, howdnebest way to determine these
stiffnesses is through experimentally loading anlbading these elements to obtain
their hysteresis curves as was done above. Usesgthysteresis curves, the stiffness
of the various components in the test specimerbeagccurately determined and used
in determining the scaling factors.

The scaling that is performed between the act@lifm in the physical test
specimen to produce the loading as seen in theaVi@penSees model can be seen in
Figure 4-8. In this figure, the top plot shows #utual force applied to the physical
test specimen during the hybrid testing. The otpdot shows the force after it has
been scaled up for the OpenSees virtual modeln Ehaugh the force is scaled up
between the physical and virtual components, naethe shape of the force applied
is the same for both components. The second aspEgjure 4-8 is the time domain
range for both the physical and virtual testingoté\that the loading for the physical
test specimen took roughly 650 seconds to compldtavever, the virtual time in the
OpenSees model indicates the test only took aré@rskeconds to complete. This
difference in the actual and virtual time rangesvehthe effect of the ramp time of

the servo-hydraulic test system. For example, ditexh to the time consumed by the
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controller in communicating with servo-vales andss®s on the actuator, between
each load step, the hydraulic pressure in the tmtuaeds to be ramped up to the
level prescribed by OpenSees. This ramp time ddmmoo fast in order to ensure
the stability of the servo-hydraulic test systelm.addition to the hardware-related
ramp time, the communication between the OpenS#egase and MTS FlexTest 60
controller takes some time as well as the compmratperformed in OpenSees
between each load cycle. The combination of alhese sources causes the actual
time to complete the test to be much longer tharatttual loading time in the virtual
model. A more in-depth look into the effect of tlaenp time on the actual time to
complete the hybrid testing is presented in SecatiGn

In addition to measuring the force applied to #& specimen, the midspan
deflection of the virtual model was also consider@tiis midspan deflection was
measured at the midspan lower flange node, whishasvn in Figure 4-9.
The midspan deflection obtained from the virtuat p@ the bridge structure can be
seen in Figure 4-10. Compared to the force respohthe test specimen, the
midspan deflection is less affected by the indigidaxles of the fatigue truck.
Instead, each fatigue truck creates a generahdipe deflection and the point where
each of the axles begins to load the girder caeasiy be distinguished like in
Figure 4-3. The reason for this is that the lapabf the test specimen is relatively
far from the midspan deflection location (refefFigure 4-9) and the midspan
deflection is a global response of the finite elabmaodel in OpenSees. Overall, the
order of magnitude of the midspan deflection (alddwverage deflection) agrees

with typical deflection values for bridges of tlsisan.
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As was described earlier, in order to verify thewracy of the hybrid test
results, a purely finite element model was loadgdgithe same load history as the
hybrid testing load history, and this theoretiedponse was compared to the actual
response obtained from the hybrid testing. A camspa of the force applied to the
test specimen in OpenSees (after the force hasdwaded) can be seen in Figure 4-
11.

In this figure, the red line represents the puwgtyual finite element solution,
while the blue line shows the actual force resp@ssmeasured during the hybrid
testing. In general, the experimental results apfematch the general shape of the
finite element analysis results with the exceptiear the peaks and troughs of each
of the load cycles. At these locations, the anslyssults indicate that the force
should be lower at the peaks and higher at thggh®u Differences between these
two results can be attributed to several factéiisst, since the test specimen was
fabricated at 60% scale and incorporates a threamktb amplify the displacement,
the force applied to the test specimen needs széled up as was shown in Figure 4-
8. This scaling takes into account the stiffndshe threaded rod, test specimen
scale factor, and similitude of stresses. Howethere are other second order effects
that can occur during testing, that are difficaleaccount for in the scale factor
estimation. Due to the nature of experimentalrigsthere is usually some
eccentricity in the test specimen. At high loatiss eccentricity can cause out of
plane deflections that were not considered betwleeicomponents. The components
in the test setup are also assumed to have rigidemtions that do not displace

during testing. However, in actuality this is tlo¢ case and second order deflections
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can occur in these connections. At lower loadsetfect of the displacement from
these connections may be negligible, however,gitdriloads (such as in the case of
hybrid testing), these deflections in the connedtibetween the elements can further
impact the results.

The deflections from the connections and the secoder displacement from
any eccentricity in the test setup may not be fattgounted for in the scale factor for
the test specimen. This may account for the diffee between the hybrid testing
results and the virtual finite element results.e Pare finite element solution also has
many assumptions in the model, where loads arevesbto act entirely axially with
no eccentricity, there are no stress concentratbtise connections between the
elements, and all nodes are friction-less pinsusTthe purely virtual finite element
solution contains some assumptions which may leatifferences between the
results of the hybrid testing and virtual solutior@verall, the hybrid test force results
are very similar to the expected virtual finiteraknt solution. For most of the
loading history, the results are within 5% of eater. Furthermore, the shape of the
load histories are same, which indicates thatdheefthe test specimen experienced,
closely matched what the actual Yellow Mill Ponddgirs experienced.

In addition to the force, the midspan deflectiors\aéso determined for both
the pure finite element solution and the hybriditgsresults. This midspan
deflection can be seen in Figure 4-10. Unlike tred results, the midspan deflection
results were almost identical. In the above figthe theoretical displacement is
shown in red and it almost entirely overlaps trepldicement found through the

hybrid testing (shown in blue). The reason theriaytesting results are closer to the
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theoretical results for the midspan deflectionasduse the location of the midspan
deflection is relative far away from the test spssm, as seen clearly in Figure 4-9.
Since the midspan deflection is dependent uponetfigonses of all the members in
the truss finite element model, small errors intést specimen displacement would
not have a profound impact on the overall midspeftedtion according to Saint
Venant Principle. There are 100 other truss elésnarthe OpenSees finite element
model that contribute to this midspan deflection.

In addition to measuring the force and midspaned#tin during the hybrid
testing, strain gages were also installed on thiestgecimen to verify the nominal
strain on the test specimen. These strain gagesingalled 8" away from the
transverse weld at the cover plate interface irotd reduce the effects of any stress
concentrations from the abrupt change in crossaseat the cover plate interface.
Figure 4-2 shows the location of the strain gabasmeasure the nominal strain in
relation to the location of the transverse weld.

Unlike the data obtained from the load cell onltfesing actuator which was
accurate to within several decimal points for kil force and deflection, the data
from the strain gages typically includes large antswf noise from various signals
around the testing equipment. As a result, theqse of the strain gages was to
validate the order of magnitude of the strains fances that the test specimen was
subject to during testing.

The strain gages also serve as a simple instruti@mfar structural health
monitoring. It is typical in many states to instdrain gages on bridges when severe

issues on structural defects or load condition®Hhmeen detected on the bridge
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structural elements. This is particularly impottesth bridges that exhibit fatigue
defects, since the stress range of the loadingrigist a critical parameter in
determining the cause and remaining life of anigteg spots in the bridge. Since
these strain gages serve as a basic sensor fotusaihealth monitoring (see, e.g.,
Zhou 2006), the ability of the hybrid testing medito characterize and validate
structural health monitoring sensors can be dematest using strain gages.

The nominal strain measured in the strain gagegaoad to the actuator
force applied to the test specimen can be seeigurd=-4-13. In this figure, the green
line is the strain as measured by the strain gagaite the blue line is the force
measured by the load cell on the hydraulic actuaitve main concept this figure
shows is the shape of both sets of data. As Figpir& shows, the strain measured by
the strain gages closely mimics the shape of theahforce the test specimen was
subjected to. Each of the peaks of the force hisitso appears accordingly in the
strain data. The overall shape of both sets @& ftdkows the same pattern, which
indicates that the strain gages were accuratetgliad and properly measuring the
strain during the hybrid testing.

The next issue with these strain gages is the bhareuracy of their results
compared to the force measured by the load caticeShe strain measured is the
nominal strain, it can be converted to force bytiplying the strain by Young's
Modulus and the cross sectional area of the statd.pA plot showing this calculated
force from the strain data compared to the forcasueed from the load cell can be

seen in Figure 4-14.
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In this figure, the blue line is the calculatedc®ifrom the strain
measurements from the strain gages, while theimedd the force measured from the
force transducer on the actuator. As this figlmevss, the overall order of magnitude
of the dynamic force (i.e., excluding the statict glue to dead load of the bridge)
determined from the strain measurements agreesnadhyvith the actual dynamic
force measured from the load cell on the actuatarthermore, the shape of the
force determined from the strain gages is verylaimo the shape of the force from
the load cell, which again shows that the straipegavere relatively accurate in
measuring the strain during the hybrid testing.

The main reason as to why the calculated force tlarstrain gages differed
from the actual force values is the need to overctira backlash (i.e., initial
slackness or gaps associated with the threadefiktace) in the beginning of the test
when dead load is applied to the test specimeher@actors could also contribute to
the difference. For example, eccentricity may haxisted in the loading setup due to
difficulty in perfect alignment of the axis of tlest specimen with the actuator. If
the centerlines of the actuator and the test spatimave a slight eccentricity, this
will impart a bending moment on the test specimaumstig the nominal strain on the
surface of the test specimen to be higher or |dinan what was anticipated.

In general, the strain gages were useful in vergfyhe order of magnitude
and shape of the load history on the test specirkeom the perspective of
characterizing and validating structural health itaying sensors, this hybrid test
demonstrated how these sensors can be charactenzaect locations of a structure

through a realistic loading history. The use @St strain gages for the hybrid test
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for the Yellow Mill Pond Bridge demonstrated thetpaular case of how strain gages
can be validated and more realistically tested outlihe need for a full scale
structural assembly. Furthermore, characterizmdj\alidating structural health
monitoring sensors through hybrid testing is net Jimited to strain gages but can be
implemented over a wide variety of structural Heattonitoring sensors including
acoustic emission sensors for fatigue, ultrasoraclkcdetection systems (e.qg.,
OmniScan phased array NDE system), and other nsinudéive testing sensors.

This hybrid testing platform demonstrated how dtrcal testing of large scale
systems can occur without having to fabricate eperyion of system. Furthermore,
it was shown how more realistic loading historiaa be applied through the use of
this hybrid testing platform. However, simply irepienting a hybrid testing setup
can have a variety of issues. These include ting tame of the servo-hydraulic
testing system, complexity of the virtual modeld @axperimental drift over long
testing periods, just to name a few parameter® eftect of each of these parameters

on the hybrid testing method is the subject offtiewing sections of this chapter.
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4.3 Ramp Time

This section deals with a series of parametricistucklated to the hybrid
simulation testbed for sensor characterization.il&\the hybrid testing system is
effective in applying realistic loading conditioasd combining virtual modeling with
physical testing, there are a variety of parametsseciated with the hybrid test
system which can impact the accuracy of the hytesting and results. The first of
these parameters is the ramp time, which is thgsubf this section.

In section 4.2, Figure 4-8 shows the differencthevirtual (OpenSees)
testing time to the actual, physical testing tinfgpically, the actual, physical testing
time of the test specimen is much longer thanithe in the OpenSees model. This
means the physical test specimen is being loadadat that is much slower than the
actual virtual rate. The reason for this dispaodyween the virtual and physical
components is largely due to the ramp time of #reshydraulic hybrid testing
system. An extremely short ramp time is oftenprattical as a hybrid testing
system would become unstable under such conditibos.example, in order to load
the specimen at a rate where the response is dabteoand accurate, often the ramp
time is set so that one second of loading histamfOpenSees may take over ten
seconds for the actuator to apply the load. Bggiaislower loading rate, the
specimen can be loaded in a stable manner. Hownemain issue with this is that
the rate at which the physical test specimen idddadoes not match the virtual
loading history rate, which for the case of theld\®lMill Pond Bridge is based on
the actual loading rate of a truck passing ovelbtidge at 40 mph. The ratio between

the virtual loading time and physical test timedtonplete the specified virtual
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loading) is called time ratio, which is an impottaarameter to quantify the real-time
testing ability (i.e., how fast a test can be penfed) of a hybrid testing system.

In order to manipulate this loading rate, the rampe value in the hybrid
simulation software can be adjusted to a faststawer rate. However, there is a
lower bound value for the loading rate achievableahy given hybrid testing system,
which depends on the hydraulic power (pump capalitgiraulic service manifold
flow rate, servo-valve flow rate) in addition tdet factors related to computing and
data communication. The question that now arisé#/Isat effect would increasing
the loading rate by reducing the ramp time havéherresults, and what is the limit
for the system to be controllable? In order tonmrghese questions, a baseline ramp
time value of 0.1 seconds was set for the systéhins ramp time was found to
produce very accurate and controllable results veeslused throughout the hybrid
test in section 4.2. The force history applietht® test specimen from the actuator
for the first fatigue truck passing over the bricdga be seen in Figure 4-15 (note that
this force history is for the truss model of thdl¥e Mill Pond Bridge, and also
includes the initial ramp).

Note that in the OpenSees virtual model, this fasgue truck loading history
is less than 4 seconds, however, due to the vew isimp time, it physically takes
the actuator around 45 seconds to apply the fasterl to the physical test
specimen. This is roughly a 11:1 time ratio fa tybrid testing. Now that this
baseline value has been established, the effesgtvaral other ramp times can be

compared.
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Figure 4-16 shows the effect of reducing the raime for the truss model of
the Yellow Mill Pond Bridge. In this figure, it cdre seen that as the ramp time
decreases, the time for the first fatigue truckdmplete its load history also
decreases as expected. However, the time it takéise first fatigue truck to
complete its loading is not linearly related to themp time. This is evident from
Figure 4-16, since the green line (ramp time oflG@&conds) takes a much smaller
amount of time to complete its loading comparethered line (ramp time of 0.1
seconds). However, the cyan line (ramp time o®D.€econds) is not that much
shorter of a time period than the green line. lamnore the blue line (ramp time of
0.0001 seconds) is almost identical to the cyam lifhus, there is a limit as to how
fast the ramp time can be for the actuator, whgbr@ximately corresponds to a time
ratio of 2.5:1. This limit is illustrated as theyaptote in Figure 4-17.

In this figure, the time to complete the entire hgltest (thirty fatigue trucks
passing over the bridge) is plotted for each ofrémep times for the truss model.
Note that there is a large decrease initially mtime to complete the test when the
ramp time is reduced. However, after a ramp tifm@ @05 seconds, the time to
complete the test converges upon about 130 secdvmte. that the time to complete
the loading in the virtual OpenSees model is ab@ueconds. Thus, the maximum
ratio of the loading rates is about 1:2.5 meanargeiery one seconds of loading in
the virtual component, it takes about 2.5 secondghie hybrid testing system to
apply this loading. A summary of the ramp timessus the time to complete the

hybrid testing can be found in the following table:
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Table 4- 2: Test Duration for Truss Model at Various Ramp Times

Ramp Time (sec) | Time to Complete Test (SeEime Ratio
0.1 644 12.4:1
0.05 390 7.5:1
0.01 184 3.5:1
0.005 138 2.7:1
0.001 133 2.6:1
0.0001 129 2.5:1

As the results show, the truss model is contradldbf any practical ramp time
(ramp times below 0.0001 are impractical). Funtiane, the time to complete the
test converges upon a constant value after a remgpdf 0.005 seconds. Thus, after
a ramp time of 0.005 seconds, the rate at whiclsyetem is applying the loading to
the test specimen is limited by factors other ttienramp time in the hydraulic
system. Two other factors include the communicatime between the virtual
model, MTS FlexTest60 controller, and servo-valekthe loading actuator and the
numerical computational time in OpenSees. Theseaetors are independent of the
hydraulic-related ramp time, and as long as thees@penSees model is used, these
factors will remain constant. Thus, for the trossdel of the Yellow Mill Pond
Bridge, the fastest loading ratio that can be addas 2.5:1. The question that now
arises is: Is this limit on the loading ratio cargtfor any type of OpenSees model or
is it dependent on the type and complexity of tloelet?

To answer this question, a second, more sophistidatite element model
using a refined mesh of 2-D quad finite elements used for the girder web which
was subject to the same parametric study of varaong times. An illustration of

this refined mesh Yellow Mill Pond Bridge OpenSessdel can be seen in
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Figure 4-18. Unlike the previous truss model useckpresent the Yellow Mill Pond
Bridge, this refined mesh model has hundreds oflemguad elements throughout
the web of the girder. This more sophisticateddirlement model should yield
more accurate results compared to the truss moodekver, it is computationally
more involved and time consuming compared to themsimpler truss model. A
typical force loading on the test specimen for teftned mesh model can be seen in
Figure 4-19.

Unlike Figure 4-15 for the truss model, Figure 4db@s not have as smooth
of results. At locations of large changes in fotbe refined mesh model takes
several cycles to converge on the solution andislesown through some of the
oscillations that occur particularly at the largesék of the previous figure. Since the
finite element model of the Yellow Mill Pond Bridgéth the refined mesh is much
more complex than the truss model, the solutioorélgn is more involved and takes
several cycles to converge upon the solution. af@mp time of 0.1 seconds, these
oscillations are transmitted to the physical tesicamen at a relatively slow rate so
that there is no issue with controlling the forceidg these oscillations. However, at
smaller ramp times, these oscillations could becaroentrol stability issue.

Several other ramp times were also implementeth®refined mesh model
and their results compared to the 0.1 second ranmgis shown in Figure 4-20. From
this figure, it appears that as the ramp time desgs, the time to complete the
loading from the first fatigue truck appears to gi@aller at a linear rate related to the
ramp time. However, below a ramp time of 0.03 sespthe system became

unstable and the hydraulic actuator was not abt®mdrol the force during the
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testing. As the ramp time decreased, the previguse shows that the oscillations
become more and more pronounced throughout thehliséaly. This is shown in a
close up view given in Figure 4-21. In this figutlee plot on the left (ramp time 0.05
seconds) has a much crisper force history thapltteon the right (ramp time 0.03
seconds), which has large oscillations throughisubrce history. These oscillations
are particularly pronounced when the force is cesirgy.

Note that a ramp time of 0.03 seconds was the sstationtrollable ramp
time at which the test was still stable. Belovsttamp time, the actuator was unable
to control the force in the test specimen. Thistem issue is shown in Figure 4-22
where a ramp time of 0.02 seconds was appliedetontbdel. In this figure, the
oscillations are very pronounced throughout th@eduration of the load history.
Furthermore, these large oscillations are at a kigyly frequency, which cause large
vibrations in the testing equipment. These langeations cannot yield accurate
results. For a ramp time of 0.02 seconds, thentesguipment could have finished
the test, however, large vibrations would have h@esent throughout the test.
Ramp times below 0.02 seconds, however, have ditstedsue rather than a
vibration issue.

A stability issue refers to the inability of thestiag setup to converge upon a
solution at the beginning of the test, which camsesthe force to grow wildly and
uncontrollably. This instability is shown in Figu4e23. As this figure shows, for a
ramp time of 0.01 seconds, the hydraulic actuats mot able to control the force at
the beginning of the test. The force began tollaseiuncontrollably around 3

seconds into the test before it tripped the lowema for the force shortly after 4.5
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seconds. Unlike the large vibrations and osailtagithat caused inaccuracies of the
results for a ramp time of 0.02 seconds, whendhgprtime is set at or below 0.01
seconds, the issue is not with vibration but insitglof the force. Thus for the

refined mesh model considered in this researche tisehree phases to the response:
ramp times at or above 0.03 seconds are stablaam@low vibrations and still yield
reasonable results, ramp times around 0.02 sed@mwisvery large vibrations and
have inaccurate results, and for ramp time at tww®.01 seconds the system is
unstable and cannot complete the hybrid test. rEige24 summarizes the effect of
the ramp time on the actual time to complete tHwidytest. The numerical values

for Figure 4-24 are summarized in the table below:

Table 4- 3:Test Duration for Refined Mesh Model at Various Rahimes

Ramp Time (sec) | Time to Complete Test (SeCime Ratio

0.1 725 14:1
0.05 468 91
0.04 405 8:1
0.03 357 71

0.02 and Below Unstable or High Vibrations N/A

Unlike the truss model for the Yellow Mill Pond Bge, the refined mesh
model becomes unstable at lower ramp times. Thlisates that the stability and
ability to control the force is not solely dependen the hydraulic-related part of the
ramp time. Instead, the complexity of the virtmadel and numerical integration
algorithm also have a large impact on the ovetabibty of the hybrid testing system
as the ramp time decreases. For the case ofusermodel with a very simple finite

element model and integration algorithm, there weréssues with stability for any
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ramp times and the maximum rate at which the t@sidcbe conducted was 2.5:1
(2.5x the virtual time). The refined mesh modelkaer could only achieve a
loading rate ratio of 7:1 (7x the virtual time) astdl have a stable, accurate solution.
While neither of these models is able to applyftree at real time (1:1 loading rate
ratio), both of these loading rates provide a haselalue as to how fast the hybrid
test can be performed given a virtual loading mystd=urthermore, these results also
show that the fastest rate a hybrid test can benmeed at and still obtain accurate
results, also depends on the complexity and nurdantegration algorithm of the
virtual model for a given hydraulic system compdig¢ hydraulic pump, servo-

valves and hydraulic service manifolds.
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4.3 Model Type

The hybrid testing system consists of two majonponents: the virtual and
physical testing components. The latter of thesedomponents, the physical testing
component is limited to the actual testing equipnieydraulic system and test
frames) available in a structural testing lab. siiomponent remains constant
through all the tests and cannot be easily changtedvever, the virtual component
of the testing is a model based on the OpenSeegasefplatform within the
OpenFresco framework. Since this component isialirit can be easily changed and
modified from test to test. Furthermore, as sesti.2 and 4.3 showed, the choice
and complexity of the virtual model can have a diaceffect on the accuracy and
stability of the results. This section deals with different types of models that can
be implemented in OpenSees to perform the hybsiihig the limitations of each of
these model types, and the accuracy of their solsti

Four different model types were created to shaetifiect of the model type
on the hybrid testing results for the Yellow MilbRd Bridge. The most basic of
these model types is the truss model (shown eanlieilgure 4-9) where a typical
interior girder of the Yellow Mill Pond Bridge hdzken simplified into a truss model.
This basic model is the computationally simplestiei@nd was the model used for
the hybrid testing in section 4.2.

A second truss model was made with the same gepaethe basic truss
model, however mass was added to each of the gpped nodes to represent the
mass from the girders and concrete deck. By aduiaggs, this second truss model

could incorporate the dynamic effects due to thesw@es well as any damping effects.
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Rayleigh damping was chosen to model the dampitigeifibridge and a viscous
damping coefficient of 0.01 was assigned to th& fwo modes of the structure.

The third model used was much more sophisticatddiaas based on using a
refined mesh of quad elements to represent theolviie girder. An image of this
refined mesh model can be seen in Figure 4-18s r&fined mesh model was also
used in section 4.3 in evaluating the ramp tima cdmputationally complex virtual
model. By using 2-D quad elements to represeniviiiethat are meshed at very
small dimensions, the goal is to create a moreratesolution compared to the truss
model. There is no damping assigned in this model.

The fourth and final model used is based off tlimee mesh model
geometry. The only difference is that mass has lagssigned to all of the quad
elements and nodes along the top and bottom flalegepresent the mass from the
upper and lower flanges and concrete deck. Sinul#ne second truss model, this
model also incorporated Rayleigh damping whereedfioient of 0.01 was assigned
to the first two modes of the bridge structure.

Unlike the hybrid testing shown in section 4.2 ,yoinve randomly generated
fatigue trucks were generated and used for thargaaf each of the four virtual
models. Note that all of the following resultstims section are for the forces and
displacements as seen virtually in OpenSees &itgriiave been scaled up. For the
basic truss model and truss model with mass indluithe force that was applied to
the test specimen can be seen in Figures 4-25-26d &imilar force histories for the

refined mesh model with and without mass can a¢éssden in Figures 4-27 and 4-28.
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From these four figures, it is evident that wherssnia not included in the
model, the force history is smoother and each fresk each of the axle loads can be
clearly identified. In both Figures 4-25 and 4-a&imple linearly elastic solution
algorithm was used that did not need to take intmant any dynamic mass effects.
Figures 4-26 and 4-28, however show the inertiaxwed dynamic effects and
damping into their force time histories. This vsdent by the response oscillating
overriding the general waveform of the responséauit any mass. This is typical
for the dynamic response of a bridge structure e/tlee mass effects are included.

A close up view of the effects the mass has omdhelts can be seen in
Figure 4-29. This figure clearly shows how the nmsddgth the dynamic effect
oscillate about the force histories for the moaathout any mass. From the
perspective of creating realistic loading condisidihrough the hybrid test setup, these
results show how very complex and realistic loadingth vibration effects can be
applied to a test specimen. Particularly in theeaaf models with the dynamic effect
included, this force history is much more complerpared to conventional constant
amplitude sinusoidal loading that is used frequeinticonventional structural fatigue
testing. Furthermore, these detailed and compleoefhistories are applied to the
test specimen, and any structural health monitas@ergsors placed on the physical test
specimen would also be subject to these compleefoistories. This enables a
much more realistic response characterizationesgdlstructural health monitoring
sensors, since the loadings they are subject selgloesemble the actual loading

histories they will be subject to in the field.
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Beyond the force history for the test specimena deds also collected for the
midspan deflection of each of the bridge modelsubhout the hybrid testing. The
midspan deflection for each of the four modelshisven in Figures 4-30 through 4-
33. In these figures, the waveform of the midspafitedtion does not show the
distinct time when each axle begins to load thddwilike in the force history, but
rather the midspan deflection is a gradual curvee&zh fatigue truck. As described
in section 4.2, this is because the midspan défleatcorporates all the individual
member effects of the finite element model in OpEasS Similar to the force history,
the models without dynamic effects have a very gindeflection history, while the
deflection history for the models with dynamic eteappear to oscillate about the
deflection waveform of the case without mass. Agtiis is anticipated given the
dynamic response that the inertia mass induces am@dpo the static response of the
bridge models in which the mass is not assigned.

A figure showing the effect the mass has on thespad deflection for both
the truss and refined mesh model can be seen umé=#334. Similar to the mass
effects on the force history, this figure shows hbe models that incorporated the
dynamic effect have a response that oscillatestghewaveform corresponding to
the bridge model without mass. As stated in tise dar the force history, this
deflection history represents a much more comphekraalistic midspan deflection
history. Compared to conventional load testindwibnstant amplitude load cycles,
the use of this hybrid testing system with detaugtlial models and environmental
loading allows for much more realistic structuesting and high fidelity structural

response simulation.
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The four virtual models have differences in eitfieite element type or
assigned mass at nodes, which accordingly causead¢lsponses to be slightly
different from each other. This is evident frore thaximum midspan deflection for
all four models, as shown in Figure 4-35. Frons figure the oscillatory nature of
the models with mass can be clearly seen. Alsonbted that the largest midspan
deflection occurs when the dynamic mass effectenateded, however, note that all
four midspan deflections are within 1/10" of eathen. The maximum midspan
deflection and maximum force in the test specinmat dccurs during the hybrid

testing have been tabulated in Table 4-4.

Table 4- 4:Max Force and Deflection for Each Model Type

Model Type Max Force (Kips Max Deflection (in)
Truss 43.82 -1.325

Truss w/mass 44.68 -1.359

Mesh 47.91 -1.281

Mesh w/mass 50.54 -1.359
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4.4 Force Level

One of the major advantages of hybrid testingas the magnitude of the
loading can be easily adjusted through the virtaahponent in the testing. However,
oftentimes issues can arise when increasing (gcaf the load from typical levels
that are used. In case of the Yellow Mill Ponddge hybrid test performed in this
research, one major concern was second order £ffadhe displacement that may
have been caused by support conditions for thergaattuators. Since the loading
for the hybrid test was performed parallel to theugd, the actuators and test
specimen were anchored to a large W-beam, whichagssmed to act as a rigid
support frame for the test setup due to the largment of inertia of the W-beam. A
picture of this supporting frame comprised of W+neaand the test setup can be seen
for reference in Figure 4-36.

One potential issue with this test setup is thahasactuator applies an axial
load to the test specimen, the supporting W-bedirbeisubject to a moment from
the actuator. This moment will cause the W-beaimeted, however, for small loads,
the bending of the W-beam and deflection at thes evitl be negligible and not
impact the deflection and results for the test sper during the hybrid testing.

When initially setting up the hybrid test setupyesal cyclic loading patterns
at different loading frequencies were applied.aiund 2 Hz the loading appears to
match the natural frequency of the supporting frame the ends of the supporting
beams were observed to deflect by over one inciatesonance. A large deflection
like this at the ends would have a large impadhentesting results since it is

assumed the supports do not move. The loadingédrexy for the hybrid tests used
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throughout this thesis are well below the naturedfiency of the supporting frame (2
Hz), however this large deflection at the endhefsupporting W-beam provided the
primary motivation for the parametric study of thection. This parametric study is
to determine if there is a linear relationship begw increasing the loading magnitude
and the displacement response of the test specithenpossible that at large loading
magnitudes, the ends of the beam will deflect bdyanegligible amount and affect
the displacement in the test specimen.

The original load specified in the hybrid testirged in the previous sections
was scaled at four different levels (1.0 scale5 k&ale, 1.50 scale, and 1.625 scale).
The 1.625 scale is the largest of the loadingthatbe scaled without causing
yielding of the threaded rod in the test setup, thod it represents the practical upper
limit that the loading can be scaled to for thigtipalar setup. A plot showing the
effect of the loading scale level on the force agapto the test specimen can be seen
in Figure 4-37. The maximum value of the forcedmg for each scale factor is
shown in Figure 4-38. From these two figures, éuglent that as the loading is
scaled up, the force history applied to the testspen also scales up proportionally.
This linear proportion relationship is particuladyident from Figure 4-38 where a
linear regression line was plotted with the dakae coefficient of determination,’R
value for this regression line was 0.999, whichreepnts almost a perfect linear fit to
the data. This indicates that any deflections dlcatirred in the support W-beam
frame were negligible and did not contribute tovgaaffecting the force history of the

test specimen for the load range considered. Alaimnalysis was made into the
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deflection history for the test specimen. The ltesiuscaling the loading on the
displacement history is shown in Figures 4-39 add 4

Similar to the results for the force history, theptacement history also
followed a linear relationship to the magnitudelef loading applied to the test
specimen. A linear regression fitted to the maxmuisplacement for each loading
scale level shown in Figure 4-40 verifies this #ineslationship, since the coefficient
of determination, Rvalue is 0.999. A summary of the maximum force an

displacement in the test specimen for each loadliagnitude scale factor can be seen

in Table 4-5:

Table 4- 5:Summary of Max Force and Displacement at Variousdirng Factors

Max Force Max Displacement
Scale (kips) (inches)
1 16.75 0.184
1.25 21.07 0.228
1.5 25.31 0.274
1.625 27.4 0.297

From these results it is evident that at the loadlog frequency of the hybrid
testing, scaling up the loading does not affectatt@iracy of the test results. Thus
the supporting W-beam frame to which the actuat@nichored effectively acts as a
rigid frame. However, it should be cautioned thiaibading frequencies near the
natural frequency of the test setup, resonancecamr and lead to large
displacements of the test setup which can leadaccurate results. But this problem
can be solved by increasing the stiffness of tipgpsrtt frame or anchor the test setup

directly to strong floor using strong tie downsve@all, when evaluating scaling up
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the force used in a hybrid test, both the magnitefdbe loading and the actual
loading frequency of the applied loading to the sgecimen need to be considered.
However, typically at low loading frequencies,hetsupport conditions are stiff
enough, such as in the case of the hybrid tesbpeéd in this research, the effects of

any second order displacement from scaling updhsefcan be neglected.
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4.5 Experimental Drift

Due to the ability of hybrid testing to apply loadihistories that are more
complex than conventional constant amplitude logdiybrid testing provides an
attractive testing method for performing more rgadilong term, high cycle testing.
Variable amplitude fatigue may have different bebafrom those corresponding to
constant amplitude stress range (Albrecht and Lar2@®9). In the case of fatigue
testing, fatigue tests can take millions of cydtesomplete. In these fatigue tests, the
load is oftentimes simplified to a constant ampléwsinusoidal loading due to the
high number of loading cycles applied during agiati test. Hybrid testing offers an
alternative method of performing high cycle testivigere the loading history can be
much more detailed and realistic.

In the virtual component of the hybrid testing, leéxading cycle contains
numerical integration which converge upon a sotufar each time step. Each of
these integration step may introduce a small roffredoor, which for tests with a
short duration, does not have any significant impacthe results. However, for
longer duration fatigue tests which can take mii@f cycles and months of testing,
these small roundoff errors may accumulate andrbecgnificant to cause drift in
the experimental data. This roundoff error isghbject of this parametric study,
which looks into the effect of experimental drifir ftyclic loading using a hybrid test
setup.

The cyclic loading applied in the hybrid test waggical fatigue truck scaled
at the same level for thirty trucks (approximatéyminute hybrid test). The

displacement applied to the test specimen is showigure 4-41. Theoretically, the
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displacement history on the test specimen shoultbhstant for all thirty of the
fatigue trucks. However, as mentioned previoudlye to the round-off errors of each
time step and the overall nature of experimentdlng, each loading cycle may have
a slightly shifted displacement response. Fronuigigl-41, it appears that each of
the loading cycles has the same displacement respmithout any significant drift.
However, a more in-depth look at the maximum disptaent of each loading cycle
will give a clearer picture as to any experimendtdt that may have occurred during
the hybrid testing. A plot showing the maximumpigEement of the test specimen is
shown in Figure 4-42. Note the scale on the y-exi®ery small compared to Figure
4-41. On this figure, three regression lines hage been plotted. The red line
represents the standard linear regression fordteahd the two dashed blue lines
represent the statistical upper and lower 95% denfte regression lines for the data.
As this figure shows, there is some variabilitgthe maximum displacement
for each loading cycle. Furthermore, from the uel lower 95% confidence
regression lines, there is a statistically sigafficupward trend in the displacement
over the loading history. Even though an experialedrift exists, the question is
how much will this drift affect the data? For thiegove figure, the slope of the
regression line is 7.084e-6 in/cycle. This is ey\amall drift error, and for this
hybrid test with only 30 loading cycles, the effexconly 30*slope=2.125e-4 in,
which is a negligible effect. However over a longading period such as for
1,000,000 cycles, which can be typical for fatigests, the experimental drift would
be 1,000,000*slope=7.084 in. This drift value éwsignificant, since a drift of

7.084 inches would be a very significant error amthe case of the Yellow Mill
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Pond hybrid test would yield the threaded rod. sTHiar longer duration tests, this
experimental drift can become significant. Notattimne above results were for the
simplified truss model, which has a much simpled aocurate solution algorithm
compared to the refined mesh model. Due to tlgelamount of elements in the
refined mesh model, the round-off errors would Xigeeted to be even greater per
load cycle. The same loading applied to the tmigdel in Figure 4-41 was also
applied to the refined mesh model and the resalisbe seen in Figure 4-43. This
response appears to be very similar to the resgdonsglee truss model. Once again,
since the drift that can occur is very small forl@&d cycles, a closer look needs to be
made of the maximum displacement that occurs foln &ad cycle. This maximum
displacement for each load cycle in addition tmedr regression line and 95%
confidence regression lines are shown in Figurd 4-4

Similar to the figure showing the maximum displaestrfor the truss model,
the maximum displacement for the refined mesh mal$el has a statistically
significantly slope in its linear regression lineBhis indicates that experimental drift
is also occurring in this refined mesh model whbeedisplacement is slowly
increasing each load cycle. The slope on thialimegression line is 1.360e-5
in/cycle. This is one order of magnitude largarthhe truss model. For a long term
fatigue test which may have 1,000,000 load cydlesexperimental drift in this case
would be 1,000,000*slope=13.6 in. This is a vargstantial displacement and
would induce very large errors in the testing emept and would most likely yield
one of the components in the test setup. As tieece mesh results show, as the

model gets more complex and the numerical solutiethods introduce larger round-
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off errors, the experimental drift also gets larged more pronounced for higher
loading cycles. A table summarizing the experirakdtift for both the truss and

refined mesh models can be found in Table 4-6:

Table 4- 6:Experimental Drift for Various Model Types

Model Type
Truss Refined Mesh
Regression Slope (in/cyc) 7.08E-06 1.36E-05
Upper 95% Slope (in/cyc) 9.96E-06 1.76E-05
Lower 95% Slope (in/cyc) 4.21E-06 9.6E-06
1,000,000 Cycles Drift (in) | 7.08 13.6

In addition to the drift in the displacement of tieet specimen, there is also
the potential for experimental drift to occur iretbtrain gages on the test specimen.
Figure 4-45 shows the nominal strain in the testspen for the same 30 constant
truck loading used in determining the displacenaifit. From this figure, it is
evident that the data from the strain gages isasatisp as the data for the
displacement of the test specimen. A similar fegcan be seen in Figure 4-46 for the
refined mesh model.

Similar to the truss strain history, the refinedsimstrain history contains
noise causing fluctuations in the data obtainede @ these fluctuations a
statistically significant trend in the strain drift the maximum strain values for each
cycle could not be determined. Rather, the maxirstrain values appear to be
distributed randomly. This is evident from Figuded7 and 4-48 which show the

maximum strain for each cycle for both the truss sfined mesh models. Note that
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linear regression lines have not been added tdithiee since there is no statistically
significant trend in the strain drift.

Overall, for hybrid tests of short duration, expeental drift of the data can be
considered negligible and will not impact the oWemacuracy of the results.
However, for longer tests were tens of thousandsaufing cycles may be performed,
experimental drift caused by round-off errors ia ttumerical solution algorithm may
become significant and impact the accuracy of éselts. This drift problem can be
overcome by embedding a filter algorithm in the fiylbesting software to remove
the drifting trend from the displacement commarphal. As shown through
comparing both the truss and refined mesh modes;ate at which these
experimental drift errors affect the data is laygdgpendent upon the complexity of
the model being used and magnitude of the rouneyodirs in the numerical solution
algorithm. For high cycle fatigue tests furtherlwoeeds to be done to improve the
hybrid testing software capability in filtering otlne drift from displacement

command signal, which should not be too difficalirhplement.
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4.6 Step and Ramp Loading of the Dead Load

Hybrid testing allows for the use of very complexalynamic time histories
for the dynamic or moving loads applied to a suitet However, one facet of the
loading that is often overlooked is the dead Igapliad to the structure. This dead
load should be very easy to apply since it is amsbver the entire test period,
however, a variety of issues can develop when ¢agl doad is added to the structure
in the beginning of the test.

Typically, in Opensees the dead load is appliegltof the nodes
simultaneously at the beginning of the testingtriggfore the live load begins to be
applied. This instantaneous loading across alesad the structures behaves like a
step load where the system is shocked by thisirdgad load at the beginning of
testing. This initial step type loading can caceevergence issues at the beginning
of the testing and can affect the results for sseading cycles after the initial dead
load has been applied.

The second way to add the dead load involves ragngirthe dead load
slowly at the beginning of the hybrid test in ortlenot shock the system. The result
is that the entire structure slowly responds toldla€l instead of the pulsive response
that is caused by the step load when the deaddaadidenly applied in its entirety at
the beginning of the test. The parametric studpis section looks into the effects
of applying the dead load instantaneously versompiag up the dead load at the
beginning of the hybrid test.

Figure 4-49 shows both of the responses for trestmniodel: when the dead

load is applied instantaneously at the beginnintpeftest (no ramp) and when the
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dead load is slowly ramped up at the beginningteetioe live load is applied. As
this figure shows, when a ramp loading is not ysee blue line) there is some
convergence issues at the beginning of the tdsis i§ because the system is shocked
by the initial dead load applied. This effect pplying the dead load instantaneously
at the beginning of the testing only lasts forfih& load cycle. This is evident
because the blue line completely overlaps the faaxting response (red line) during
the loading from the first truck. Thus, for theseaf the truss model, the effect of
applying the dead instantaneously at the beginoirige loading only impacts the
response a couple of seconds after the load isegjppl

In order to see the effect of the ramp loading nobearly, a close up view of
the beginning of Figure 4-49 is given in Figure@-Bhe convergence issues for the
case in which a ramp loading is not applied canléarly seen from this figure. The
blue line which represents the dead load beinguntaheously applied at the
beginning of the loading oscillates for severalosels due to free vibration caused by
step load applied suddenly to the structure. FEuntlore, these initial oscillations
cause slight errors in the results for about 1@iés afterwards until both the blue
and red lines almost exactly overlap. From thasife, the advantage of applying the
dead load slowly through a ramp loading can be.s@é red line does not have any
oscillations at the beginning of the loading anthisch more stable as the dead load
increases. Note that the above results were éotrtlss model that has no assigned
mass at the nodes. If mass is added to the systdrithus dynamic effect is
incorporated in the model, the results would diffensiderably from the results for

the basic truss model.
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Figure 4-51 shows the response of the refined mextel with mass included
when the dead load is applied instantaneouslyeabéginning of the loading. From
this figure it is evident that instantaneously §ppi the dead load at the beginning of
the loading cycle can have a dramatic effect orrésponse for several cycles after
the load is applied for models that have mass dedu This is evident by the highly
oscillatory waveform of the force response in Fegd¥51, particularly during the first
load cycle, where the overall shape of the loadeng hardly be seen due to the
higher frequency and amplitude of the overridingiltations. This shows the
dynamic effect of adding mass to the model. Whkrad is instantaneously applied
at the beginning, it acts as a step load. Ths Isi&d causes the system to oscillate
until the free vibration response has been dampeungdowever this time period of
dampening out the initial response due to instadas loading can take several load
cycles, which causes the data in these cycles largely inaccurate. In order to
obtain more accurate results, the dead load cappleed as a ramp loading slowly at
the beginning of the test as was done with thestnusdel.

The effect of ramping the dead load for a modehwitass and dynamic
effects included can be seen in Figure 4-52. Isfilgure, the dead load applied
initially through a ramp load can be seen withrigxline. The response when the
dead load is ramp loaded is as expected, eacle ddélding cycle peaks can be
clearly distinguished. Furthermore, it can be gbanthe blue line (instantaneously
applied dead loading) appears to oscillate abausdttution for the red line (ramp
loading). From the above figure, it is also evidiénat the range of the time domain

increases when the dead load is not initially rasnp€his is shown from the blue line
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which takes roughly 425 seconds to complete itdifmacompared to the red line
which only takes about 400 seconds to completas ifibrease in the time to
complete the tests shows how the testing takeldiagconverge for each load step
when the dead load is applied instantaneously egusgh oscillations throughout
the test.

The first several load cycles for a model with mabkgn the dead load is
ramped up is shown in Figure 4-53 for clarity. Asssstated previously, the ramp
loading of the dead load does not shock the syatahgives the structure time to
slowly respond. This is shown in Figure 4-53, véheamp loading occurs until about
25 seconds when the live loading begins. As tipgré shows, each of the first three
load cycles can be clearly seen without any lagglations for the initial dead loads
affecting the results.

Overall, when dead loads need to be applied tdadhyest model, the best
method to apply these loads is by slowly rampiregéhloads to their specified levels
at the beginning of the testing. For models witremwy mass, this ramp load is not
critical to obtaining accurate results. Howevenew mass is included and dynamic
effects are considered, it is critical to slowlybpthe dead load in order to have

accurate results for the beginning of the hybraditeg).
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4.7 High Temperature Testing

In order to demonstrate how controlled, elevatedperature environmental
testing can be applied in a realistic manner inhiytarid testing platform, the Yellow
Mill Pond Bridge test specimen will be subject tepecified temperature value (e.g.,
experienced by the bridge in summer). This widwbase how differential
temperatures can be applied in a realistic mamm#ra hybrid testing platform and
later it will be shown how these controlled envimental testing conditions can be
used to validate and characterize sensors fortataldhealth monitoring purpose.

The goal of this portion of the research is to tweacontrolled temperature
environment around the test specimen that woulsirbéar to the temperatures a
bridge girder would experience on a hot day in semnin order to establish these
temperatures around the test specimen, an envim@ahehamber with a heating
control system was constructed for the test spetinihotos of this environmental
chamber can be seen in Figures 4-54 through 4-57.

The environmental chamber works by circulatingdhiehrough the chamber
and passing it through a heating fan. A thermotmatiached to a temperature
control system regulates the temperature in thenblea by turning the heating fan on
and off. The walls of the chamber are made oh&Uulation foam to minimize the
heat losses that may occur during testing. Firaftypnt door with plexiglass was
installed in the front of the chamber to view thsttspecimen during testing.

Since the environmental chamber completely encosgsae test specimen
and creates a uniform temperature around the specithis setup presents the

possibility to realistically assess sensors atakxy temperatures before they are
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placed in the field. For the test specimen usdtisthesis, several types of sensors
were attached to the test specimen including sgages and acoustic emission (AE)
sensors for fatigue crack detection. The tempegatside the chamber was then
increased to 95°F (hot summer day), and the regpointhese sensors could be
assessed at this higher temperature. In addgiooe the environmental chamber fits
over the test specimen, the hybrid test loadingstiéirbe applied to the test
specimen. Thus, the hybrid test was performedeatited temperatures, and the
response of these sensors to the realistic lodding the hybrid test at higher
temperatures could be evaluated and compared tespense at lower temperatures.

This demonstrates another major advantage of thedciesting testbed for
realistic sensor characterization; the virtual medach encompasses the majority of
the structure and where the loads are appliedp@rate from the physical component.
Since this physical component is a smaller, ciisestion of the overall structure in
the virtual model, sensors can be evaluated atthisal location of the structure
(test specimen) without having to fabricate antlaesill scale structure.
Furthermore, due to the smaller size of the laogdestest specimen, it is easier to
apply certain environmental conditions to the sg&cimen.

As described previously, the goal was to conduuttaid test at 95°F and
assess the response of the various sensors aodetfal structure in the OpenSees
model as a whole. This testing was conducted mdigps. The first was increasing
the temperature in the chamber without any loade@urring in the test setup. After
the desired temperature was reached, the secqndfdiee testing was to apply the

hybrid test loading to the specimen at its elevétatperature.
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In the first step of this testing, the temperainsde the chamber was
increased from the ambient temperature of 50°Renldb to the desired temperature
of 95°F (typical hot summer day temperature). Wkhle temperature inside the
chamber was rising, the force inside the test spexciwas also monitored. Since the
temperature was increasing, it was expected tlediett specimen would want to
expand and compression would be introduced indstespecimen. A plot showing
the force inside the test specimen as the temperatas increased can be seen in
Figure 4-58. This figure shows the expected resulisthe temperature increased
with time, the compressive force (denoted by a tiegdorce in the above figure)
also increased. By the time the temperature irchiaenber had reached 95°F, a
compressive force of almost 100 Ibf had developehimvthe test specimen.
Compared to the load amplitude on the order ofi@8 k hybrid testing, this 100Ibf
is considered insignificant though. This can belaited to the rod fixture with a
small cross-section area that partially releaseshtérmal induced force in the test
specimen. This initial compressive force will eraally be carried over to the hybrid
testing. This demonstrates how differential terapge changes can be applied to a
structure in the hybrid testing setup; the tempeeadf the physical components in
the test setup can be increased, while the temyperat the virtual components stays
constant. Thus, the effect of a temperature changenly certain components of a
structure can be evaluated through this hybridngshethod.

The results of the hybrid test performed once ¢neperature reached 95°F
can be seen in Figure 4-59. A close up view offitiseéloading cycle for this figure

can be seen in Figure 4-60. From these two figulheshybrid test conducted at
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elevated temperatures performs similar to the lyiast at lower temperatures,
except that the response is offset by about 04 (the initial compression induced
by the temperature loading). This response ietexpected since the same loading
was applied at both temperature levels and the diffgrence was the initial
compressive force within the test specimen.

Beyond the effects of the temperature change oonubgrll hybrid test model,
the largest advantage of this controlled tempeeadawironmental test involves the
realistic characterizing and assessing of sens@ieeated temperatures. Several
different types of sensors including strain gages AE sensors were placed on the
specimen to characterize the response of thesersdmesfore and after increasing the
temperature around the test specimen. In ordéenaonstrate how these sensors can
be assessed under different temperatures in thedhgst setup, the results from the
stain gage characterization will be presented below

The strain gages were placed on the specimen 8/ i@ the transverse
weld at the cover plate interface in order to measioe nominal strain that occurred
in the test specimen during the testing. The lonatf these strain gages was also
well within the environmental chamber to ensurd thase sensors would be subject
to the temperature changes. The location of tlaénsgages in relation to the
environmental chamber can be seen in Figure 416k results from the strain gage
readings during the heating up of the chamber easeln in Figure 4-62.

Figure 4-62 shows that a compressive strain (denogea negative
microstrain) developed in the test specimen asaifmperature increased within the

environmental chamber. This was to be expecteehgilve earlier results showing
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the compressive force developing within the testspen as the temperature
increased. Unlike the data for the force, howethrer strain data began to have more
noise and oscillate at a larger amplitude as thmpézature increased. This shows one
of the issues with the strain gages, since thegalibrated at the beginning of the

test at one temperature, and when large changes iocthe temperature, the strain
gages may have a higher uncertainty at higher teatyes.

Strain gage readings were also taken during thedyst that was performed
under these higher temperatures. The results tlhenstrain gages can be seen in
Figure 4-63. Similar to force response to the terajpure change, the strain data
exhibited the same shape at both temperatureshdfomore, the higher temperature
(95°F) strain data was offset from the ambient terajure (50°F) strain data, similar
to force response. The strain data appears todarger offset than the force data,
which may be associated with the thermal expansidhe strain gages themselves at
the higher temperatures. However, due to the laogge and uncertainty in the strain
gages, the measurements from these sensors goxeerll idea as to how the system
is responding to the increase in temperature agyl\thrify the trends shown in the
force data.

The main concept to be taken from the above resuttee ability of the
hybrid testing platform to test sensors in mordisga environmental conditions.
Even though the previous results were shown fairstyages, a variety of other
sensors can also be assessed at these differerdrenental conditions. Before
sensors can be placed in the field, they mustbestvaluated and characterized

under these various environmental conditions. Uaetga responses to fluctuations
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in temperature and humidity, issues with bondirgggénsor to the structural member,
or issues with communicating with the sensor drpaasible problems that can occur
with sensors newly placed in the field. Often thessues cannot be predicted and the
hybrid testing platform presents a realistic wapéoform controlled environmental
tests on these sensors under realistic loadingrfeést Thus, the hybrid testing
method provides a testbed for evaluating resposiseé potential issues with

structural health monitoring techniques and sensoder various environmental

conditions before they are subject to these enmemtal conditions in the field.
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Figure 4- 1: Yellow Mill Pond Bridge Physical Test Specimen

Nominal Strain
Gages

Transverse Weld

Figure 4- 2: Strain Gage Locations on Test Specimen
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Figure 4- 9: Location of Midspan Deflection and Test SpecimeNimual Model
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Figure 4- 10:Midspan Deflection of OpenSees Model
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107

2 4 6 8 10 12 14
Time (sec)
Figure 4- 27:Refined Mesh Model Force History
0 2 4 6 8 10 12 14
Time (sec)



Deflection (in.)

100

90t

~ [0}
o o

Force (kips)
(o]
o

40}

30

-14

Simplified Truss Model

100

Refined Mesh Model

No Mass
Mass

90

Force (kips)
al [e2} ~ e}
o o o o

N
o

30

20
8

9

10 11
Time (sec)

No Mass
Mass

20
8

9

10

11

Time (sec)

Figure 4- 29:Mass Effects on the Force Histories

6 8
Time (sec)

10

Figure 4- 30: Truss Model Midspan Deflection

108

12 14



Deflection (in.)

Deflection (in.)

-1.2

-1.4

-1.4

2 4 6 8 10 12 14
Time (sec)
Figure 4- 31:Truss with Mass Model Midspan Deflection
2 4 6 8 10 12 14
Time (sec)

Figure 4- 32:Refined Mesh Model Midspan Deflection
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Figure 4- 46: Strain History for 30 Constant Trucks for Refineésit Model
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Figure 4- 50:Closeup of Ramp Loading for Truss Model
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Figure 4- 52: Effect of Ramp Loading on Model with Mass

119



Force (kips)

18

16

14

50 100
Time (sec)

150

200
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Figure 4- 54:Environmental Chamber Front View
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Figure 4- 55:Environmental Chamber with Front Door Removed

Figure 4- 56:Heat Control System for Environmental Chamber

121



Force (kips)

Figure 4- 57: Air Circulation Vent in Environmental Chamber

-0.01 b

-0.02

-0.03

-0.04

-0.05

-0.06

-0.07

-0.08

-0.09

-0.1 1 1 1 1
0 200 400 600 800 1000
Time (sec)

Figure 4- 58:Force in Test Specimen as Temperature Increases
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Figure 4- 60:Close-up of Temperature Effect on Force History
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Figure 4- 62: Strain Gage Readings as Temperature Increases
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Chapter 5: Conclusion and Future Work

5.1 Conclusions

A hybrid testing setup was implemented based orydew Mill Pond
Bridge located on 1-95 in Bridgeport, Connectictihe goal of this hybrid testing
setup was to demonstrate how testing of large staletures could be performed
using the hybrid testing methodology and how a ioytasting platform is ideal for
characterizing sensors for structural health moimigopurpose. This hybrid testing
method involved combining both physical and virtoreddels for different
components of the bridge and simultaneously comyittieir responses throughout
the testing. Realistic traffic loading was randgménerated based on existing
weigh-in-motion data for the Yellow Mill Pond Bridgapplied to this hybrid testing
setup, and the overall response of the Yellow Mdhd Bridge in the this hybrid
testing platform was evaluated.

In addition to modeling and performing the hybegt; a parametric study
was undertaken to determine the effects of vanpawameters on the overall hybrid
testing platform. Additionally, controlled envitmental testing was also performed
on the hybrid test setup for the Yellow Mill Ponddgje. Elevated temperatures
(95°F) were applied to the test specimen to crigeteemperature environment of a
bridge on a hot summer day. It was demonstratedi¢/h this elevated temperature

testing how the hybrid testing setup creates agtttfe testbed in evaluating and
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validating various sensors at different environrabobnditions. Based on these

results, the following conclusions can be drawn:

1.

The hybrid testing method was successfully impleeeto determine the
response of an existing highway steel girder brglggected to passing traffic
loads. From the results of the hybrid testing,hilerid testing platform can
effectively create realistic loading conditions amath physically apply these
loading conditions to fabricated, critical locatsoof the structure at large
scale. Furthermore, the overall accuracy of tHaidytesting platform is very
close to the expected theoretical results for ¢isponse of the Yellow Mill
Pond Bridge.

By applying realistic loading histories to the tegecimen, the hybrid testing
platform provides a testbed for evaluating and ati@rizing structural health
monitoring sensors under realistic loading condgio

The stability of the hybrid testing platform at Mars hydraulic ramp times is
dependent on the complexity of the virtual modeldus

There is an upper bound as to how fast the hybatidan be performed, and
this upper bound is limited by the communicationdiand computation speed
of the components used in the hybrid testing. Tpiger bound is typically
slower than the actual real life loading rate foe hybrid testing facility used
in this research.

The hybrid testing method can be implemented feargety of virtual models

ranging from basic truss models to complex 2-Dnedimesh finite element
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models. Furthermore, the dynamic effects of maslsdamping can be
accurately applied in these virtual models.

If a constant dead load is applied throughout tiatibn of the hybrid test,
this dead load should be applied slowly as a ramag Initially before

applying the live load. This is particularly impant for models that include
dynamic effects so that the application of the dead does not create a step
load at the beginning of the testing.

. The elevated temperature controlled environmerttirtg demonstrated how
the hybrid testing platform can be utilized to t¢es@ealistic environmental
conditions at critical locations of a structure wéhestructural health
monitoring sensors will be used. Furthermore, tbistrolled environmental
testing demonstrates how the hybrid testing platfprovides the ideal
testbed for characterizing and validating strudtheslth monitoring sensors
at realistic environmental conditions before thesesors are subject to these

conditions in the field.
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5.2 Future Work

The work performed in this research demonstratedthe hybrid testing
method can be successfully applied to modeling kighway girder bridges.
Furthermore, it was shown how this testing methmad be used to characterize
structural health monitoring sensors. Howeves thifor one specific application of
the hybrid testing platform. A variety of otherdipations exist for which this
testing platform could be applied including testimeyv critical details on bridges and
buildings, performing fatigue testing for fatigugtical members of a structure, and
evaluating earthquake loadings on a variety ofcstinal details.

At the time of this thesis writing, structural hisatnonitoring sensors are
seeing rapid growth in development, but have yétetovidely used across structures
in America'’s transportation infrastructure. Forss®s still in their developmental
stages, they need to be validated and characteatzedariety of different loading
and environmental conditions before full scaledfiehplementation. Future work
needs to be performed in validating and characdtgrithese sensors under various
environmental conditions based on the hybrid tggpiatform demonstrated in this
thesis. Furthermore, this thesis focused on eteMamperature environmental
testing; further work needs to be undertaken toatestrate how other environmental
conditions including very cold temperatures, hutyidand salt spray can be
implemented in this hybrid testing testbed. Thil eveate comprehensive
environmental condition testing and validation $tnuctural health monitoring

Sensors.
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It is the author's hope that the use of structuealth monitoring sensors will
take off within America's infrastructure over thexhseveral decades. These sensors
have the potential to help meet the current angéutiemands to more effectively
monitor America's ageing transportation infrastuoetand maintain the serviceability
and safety of the structures in this system. Thesis shows how to utilize the hybrid
testing platform to assess and characterize thaessigal health monitoring sensors.
However, now it is up to other researchers andapeicorporations to actually
develop, assess, and characterize their partistriactural health monitoring sensors.
Furthermore, opportunities to implement these stmat health monitoring sensors
need to be created through state DOTs and poli&eran order to promote the
widespread use of these sensors. It is the asthope that one day these sensors are
widespread across America's infrastructure and meipitor and maintain this

infrastructure into the future.
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Appendix A: WIM Data
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Appendix B: MATLAB Code

function trussarea(h,w,fw,ft,G,E,trussw)

% h = height of girder (ex 60")

% w = thickness of web (ex 1")

% fw = width of flange (ex 12")

% ft = thickness of flange (ex 1")

% G = shear modulus 11200 ksi or 77.2 GPa for steel
% E = elastic modulus 29000 ksi or 200 GPa

% trussw = width of upper chord of truss (ex 60")

%determine deformation on web
A_beam = h*w;

tau = 100/A_beam; %for 100 k load
gamma = tau/G;

deltax = gamma*trussw;

deltax = double(deltax);

%construct model truss
syms A L theta A_vert
C = cos(theta);

S = sin(theta);

C2=C"2;
S2 =572,
CS =C*S;

a=[C2CS; CS S2];

k=E*A/L*[a -a; -a a];

A_flange = fw*ft;
K_gen=vpa(zeros(8,8));

k flange=E*A_flange/L*[a -a; -a a];
k_vert=E*A_vert/L*[a -a; -a a];

A_old=A_beam+1; %so initial tolerance is very large
A=A_beam; %upper seed value

upper = A_beam*2;

lower = 0;

tol=1;

%Determine equivalent area of diagonal truss member
while(tol>0.00001)

K =K_gen;

%Element 1

L = trussw;

theta = 0;

map =[1 2 3 4];

k1 = eval(k_flange);

K(map,map) = K(map,map) + k1;

%Element 2

L=h;

theta = pi/2;

map =[34 5 6];

k2 = eval(k);

K(map,map) = K(map,map) + k2;
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%Element 3

L = trussw;

theta = pi;

map =[56 7 8J;

k3 = eval(k_flange);

K(map,map) = K(map,map) + k3;

%Element 4

L=h;

theta = pi/2;

map =[127 8];

k4 = eval(k);

K(map,map) = K(map,map) + k4;

%Element 5

L = sqrt(trussw"2+h"2);

theta = atan2(h,trusswy);

map =[1 25 6];

k5 = eval(k);

K(map,map) = K(map,map) + k5;

%Element 6

L = sqrt(trussw"2+h"2);

theta = atan2(h,-trussw);

map =[347 8];

k6 = eval(k);

K(map,map) = K(map,map) + k6;

%Force vector
remove =[123578];
K(remove,:) =[];
K(:,remove) =[];
P =[50 50];
d = K\P;
trussdis = double(d(2));
A old = A;
if (trussdis<deltax)
upper = A;
A = (A-lower)/2+lower;
elseif (trussdis>deltax)
lower = A;
A = (upper-A)/2+A,
end
tol = abs(A_old-A);
end
A_diagonal_members = A

% Determine effective area of web that should be ad
hw = h-2*ft;

hf = h-ft;

Ae = 0.1875*hw”"2*w/hf

A_flange = fw*ft

A_upper_lower_members = Ae+A_flange
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%Deflection at center for beam 20k load

| = 1/12*fw*h"3-1/12*(fw-w)*(h-2*ft)"3

Aweb = (h-2*ft)*w;

| = 720; %in inches, 60 ft

delta_regular = -20*1"3/(48*E*I)

delta_withshear = -20*1"3/(48*E*[)-20*1*|/(4*G*(Awe

function L=createloadmatrix()
n =100; %number of trucks
L = zeros(1,3);
fori=1:n %number of trucks
t =i*2.5-2.5; %min t for 40mph is 2.45 sec not
j =1*3-2;
L(j:;j+2,1) = 40;
L(j,2) = 1/9;
L(j+1,2) = 4/9;
L(j+2,2) = 4/9;
L(j,3) =t;
L(j+1,3) = t+0.2386;
L(j+2,3) = t+0.75;
end
fac=[insert random gross weights determined from pr
distribution function here]; %Factor on loads
for j=1:n
a=3%-2;
b=3%j;
L(a:b,2)=L(a:b,2).*fac(j);
end
L;

function yellowmillpondloadfile(L,dt)
%This is for the yellow mill pond bridge for opense
%already been set up for cars travelling at 40 mph,
5 ft
%between 21 nodes.
num = length(L);
v = 40*(5280/60"2); %ft/sec
%size load matrix
total_time = L(num,3)+100/v; %time for last axle to
over bridge
rem_time = mod(total_time,dt);
mat_length = (total_time-rem_time)/0.01+1; %length
M = zeros(21,mat_length); %initialize load matrix
fori=1:num

ini_pos = L(i,3)*-v;

X = ini_pos;

load = L(i,2);

t=0;
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while(x<=100) %100=length of bridge

if(x>=0 && x<=100)
X,
rem = mod(x,5); %remainder
lower = x-rem;
upper = lower+5;
lower_load = (1-rem/5)*load;
upper_load = (rem/5)*load;
lower_node = lower/5+1;
upper_node = lower_node+1;
%add loads to load matrix
time=int32(t/dt+1);
M(lower_node,time) = M(lower_node,time)
M(upper_node,time) = M(upper_node,time)

end

t = t+dt;

X = x+v*dt;

end
end
M=M+3.76; %3.76 is the dead load in kips

dimwrite('TimeSeries01.thf', M(1,:), ‘delimiter’,’
dimwrite('TimeSeries02.thf', M(2,:), 'delimiter’,’
dimwrite('TimeSeries03.thf', M(3,:), 'delimiter’,’
dimwrite('TimeSeries04.thf', M(4,:), ‘delimiter’,’
dimwrite('TimeSeries05.thf', M(5,:), ‘delimiter’,’
dimwrite('TimeSeries06.thf', M(6,:), ‘'delimiter’,’
dimwrite('TimeSeries07.thf', M(7,:), 'delimiter’,’
dimwrite('TimeSeries08.thf', M(8,:), 'delimiter’,’
dimwrite('TimeSeries09.thf', M(9,:), ‘'delimiter’,’
dimwrite('TimeSeries10.thf', M(10,:), ‘'delimiter';'
"'newline’,'pc')

dimwrite('TimeSeries11.thf', M(11,:), ‘'delimiter’,'
"'newline’,'pc")

dimwrite('TimeSeries12.thf', M(12,:), ‘delimiter';'
"'newline’,'pc")

dimwrite('TimeSeries13.thf', M(13,:), ‘'delimiter';'
"'newline’,'pc")

dimwrite('TimeSeries14.thf', M(14,:), 'delimiter’,'
"'newline’,'pc')

dimwrite('TimeSeries15.thf', M(15,:), ‘delimiter';'
"'newline’,'pc")

dimwrite('TimeSeries16.thf', M(16,:), 'delimiter’,'
"'newline’,'pc")

dimwrite('TimeSeries17.thf', M(17,:), ‘delimiter';"
"'newline’,'pc")

dimwrite('TimeSeries18.thf', M(18,:), ‘delimiter’;'
"'newline’,'pc")

dimwrite('TimeSeries19.thf', M(19,:), ‘'delimiter’,'
"'newline’,'pc')

dimwrite('TimeSeries20.thf', M(20,:), ‘delimiter’;"
"'newline’,'pc')

dimwrite('TimeSeries21.thf', M(21,:), 'delimiter’,'
"'newline’,'pc")

136

+lower_load;
+upper_load;

"'newline’,'pc")
"'newline’,'pc")
"'newline’,'pc")
"'newline’,'pc')
"'newline’,'pc')
"'newline’,'pc')
"'newline’,'pc")
"'newline’,'pc")
"'newline’,'pc')



Appendix C: Derivation of Scale Factors

As was described in Section 4.2, due to the 6Q#%e size of the physical test
specimen and the use of a threaded rod fixturengify the displacements, it is
necessary to apply a scale factor to adjust thespegximen's response during hybrid
testing. The basis for these scale factors isthi@astress in both the physical test
specimen and associated element in the finite elemedel (i.e., OpenSees here)
should be the same. In order for the stress thdeame, the force scale factor must
be equal to the ratio of the cross sectional d@abe test specimen and associated
element in OpenSees. This force scale factornsteéd below by Gcein the
eqguation below and note that model refers to thenSpes model and specimen

refers to the physical test specimen.

- (C-1)

#$1%& I'

The displacement scale factor has to take intowatddbe stiffness from each
of the elements in the test specimen. In thisidyiest, a threaded rod fixture was
used to amplify the displacement to aid in the datkection. However, this
amplified displacement needs to be accounted ftrardisplacement scale factor.
The best way to idealize the test specimen to aterthis displacement scale factor
is to view the test specimen as a series of sprimggh represent each of the

elements in the test setup. The following two feguhelp illustrate this concept:
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Rod Flange

Flange with
Coverplate

These three components can be idealized as a eétlage springs:

Flange w/
Rod Flange Coverplate
krod kflange kflange CI

Since all of these components are loaded axidigy stiffness for each of these
elements can be determined by EA/L. With this lidation, the scale factor denoted
by Siisp can be derived as follows. Note thaefers to the displacement, F refers to

the force, and k refers to the stiffness in théofeing derivation.

- (.

y ¥+ )/

0+

0.
1. (.
O*+ )_/ O*+ )_/ O*+ )_/
2 2
1 13 134 56
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Ag “Ap'EFl  AD'E'RI GH

From Eqgn. C-2, it is evident that both the forcalsdactor (%) and displacement
scale factor (&p are not independent of each other. In the Opesdérhybrid

testing program for which OpenSees provides trerfate, three different parameters
need to be specified for the scale factor befoeddlt. These parameters are
ctriDisp, DagDisp, and DaqgForce. The first twogmaeters, ctriDisp and DaqgDisp,
are the displacement scale factors that are apjpbed OpenSees to the test specimen
because displacement control is used in currenidhysting procedure and from the
test specimen response back to OpenSees, respheciivee DagForce parameter is
the scaling factor for the force response fromtést specimen for model updating.

The table below summarizes each of these paraneetdrds value.

Parameter: | Value:
CtrIDisp 1/Siist
DagDisp Qist
DagForce Brce

Note that in the above derivation, the stiffnegsefach of the componentsdk Kiange

etc.) can be theoretically determined by the astiffiness of the element EA/L.
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However, often there are other second order diepl@aats of the test specimen that
may impact the overall stiffness of the test specimExamples include eccentric
loading in the components and out of plane disphesrd during loading. To account
for the reduced stiffness these second order sffaaly cause, the factopkneeds to
be adjusted to include each of these second offdet® The easiest way to account
for these effects is to examine the hysteresigh®test specimen and compare this
response and stiffness to the theoretical respmnsel through the previous
derivation. This was the method used in this th&si accounting for the second
order displacement effects and was used in detergithe scale factors for the

results in Section 4.2.
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