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ABSTRACT

This research program investigates the performahaesteel truss bridge when subjected
to both localized web damage and a subsequent@uasitned strengthening approach. The
investigation utilizes a combined approach invalvam experimental scale model bridge and a
numerical computer model generated using the coriaidinite element software RISA 3-D.
The numerical model is validated using test dathfarther extended to parametric studies in
order to investigate the theoretical load ratiniggis energy, load redistribution, mode shapes
and frequency of the bridge for control, damagedl strengthened states. The presence and
severity of damage are found to significantly iefige the global safety and reliability of the
bridge. Also, higher order modes are more susdeptochanges in shape and frequency in the
presence of damage. A recovery of truss defle@rmha reduction of member forces are

achieved by the proposed strengthening method.
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PREFACE

The purpose and function of bridges has alwayguetd me, especially truss bridges.
What | find most interesting about truss bridgesomparison to others types of bridges is their
capacity to “bridge” relatively large spans witimanimal ratio of dead load to live load capacity.
The relatively simple and efficient applicationroéterial that truss bridges exhibit provides
interesting design challenges from initial conceptof new bridge designs to rehabilitation
schemes for existing bridges. In addition, theighif steel truss bridges to support heavy loads
with an appropriate arrangement of tension and cessmn members provides relatively
challenging design considerations which when amalyzoperly can provide the engineer with
rewarding results. For this reason | have alwagnbeterested in designing and working with
steel truss bridges. The opportunity for me to beemvolved in the AISC/ASCE Student Steel
Bridge Competition as an undergraduate studenbahNDakota State University (NDSU)
initially spurred on my interest in this area ofiZstructural engineering. After partaking in the
competition one year | decided to try my hand aigleng the bridge the next year. The first
year that | was in charge of the steel bridge taaMDSU we produced a very competitive
bridge and ended up takin§ dlace in the National Competition. The second year | was in
charge of the steel bridge team we ended up winthi@dNational Student Steel Bridge
Competition. After having experienced this levelrofolvement with scale model steel bridges |
felt overwhelmingly interested in researching tHeas that damage has on the performance of
a steel truss bridge. Some preliminary reviewstefdture suggested that little experimental
work had been done pertaining to the effects ofatgaron steel truss bridges, and there was
even less literature pertaining to applicationsstate of the art techniques for rehabilitatingekte

truss bridges. With the guidance of Dr. Jimmy Kimds able to focus the path for this research

Vi



and formulate a better understanding for the edfdwt damage and subsequent strengthening

have on the performance of steel truss bridges.
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CHAPTER 1. INTRODUCTION
1.1 GENERAL

The civil infrastructure which supports the daittigities sustaining our modern way of
life has been quietly aging beneath our feet. Indb@ber 2008 the most recent bridge inventory
estimated that of the 600,905 active bridges in Atag12.1% were considered structurally
deficient and 14.8% were considered functionallgadbte. A structurally deficient bridge is
considered to lack the structural integrity reqdite support the loads that are demanded by the
traffic which uses the bridge, where as a funciigra@bsolete bridge lacks the geometry required
by vehicle traffic and it does not accommodateviitgicle sizes and weight or traffic volume.
Bridges are a critical component of the transpmmatetwork which is the backbone of
America’s economy. As of 2009, the ASCE estimaled the transportation network of surface
roads experiences nearly 3 trillion vehicle milasleyear of which nearly 223 billion miles are
truck traffic. Since the early 1990’s truck traffias nearly doubled and the average truck weight
has increased significantly (ASCE 2009). Theseeasing vehicle loads and volumes have
played a significant role in the deterioration afiges at a much more rapid rate than what they
had been designed for. Considering that most bsidge designed with a 50 year lifespan in
mind and the average age of bridges in Americarseatly 43 years old (ASCE 2009) it is clear
why existing brides are not meeting the demanddogiaced on them.

In order to fix the issues with currently deficidmmdges AASHTO estimated in 2009 that
it would cost $140 billion of which approximatelg&billion would be spent on structurally
deficient bridges and $91 billion would be spenupgrading functionally obsolete bridges.
However, this expense was estimated as a requitdmepdate currently deficient bridges, not

to update the additional bridges that would reqrepairs in the upcoming years. In order to get
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ahead of the issues associated with aging bridgeA$CE (2009) estimated that it would
require a total of $650 billion over the next 5@&sgefrom both Federal and State associations
combined which works out to an annual average tnvexst of $13 billion.

When considering repairing or replacing a deficiemtige many factors influence the
decision. Ultimately, the deciding factor is gertigrthe annual cost to operate the bridge at the
required capacity. For the case of a functionatigalete bridge, making repairs to the existing
structure often times will not provide the desiggmkrating results. However, when a bridge is
considered structurally deficient there are exgstind state-of-the art techniques that are cost
effective which can be employed to rehabilitatedtracture so that is will operate at the
required capacity.

This paper focuses on using a state-of-the arttaat®n material, referred to as a fiber
reinforced polymer (FRP), for a specific strengihgrapplication. The name FRP refers to
several variations of fiber types and polymer coomus which are used in combination to
achieve a required strength characteristic. Tygdibal types include glass, aramid, and carbon
fibers. These fibers are combined with either eppxyyester or vinylesters polymer compounds
to create the fiber reinforced polymer. The comtiamaof fibers and polymer compounds is
achieved in one of two ways. Either the two are loioied in a factory through a pultrusion
process which impregnates the fibers with the pelyand presses the compound into a desired
structural shape or the fibers are woven into urg@etional or bi-directional sheets and
impregnated with the desired polymer during figighlecation through a process referred to as a
“wet layup”. The uses for FRP’s have experiencedyrapplications because of their unique
properties. In civil engineering applications taedthey have been used in strengthening both

concrete and steel structures. For concrete strenigtg applications FRP materials are used to
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provide the structural reinforcement that steeidgiy would provide. In concrete beams, FRP
materials are used for flexural and shear stremgtige Either pultruded shapes or post-
impregnated sheets are applied to the tensileadittee beam for flexural strengthening and both
the tensile side and vertical sides of the beansliear strengthening. Concrete columns have
experienced the use of FRP sheets wrapped aroarwbliimn in an effort to create a confining
pressure and increase the load capacity. In ant éfincrease the strength of degraded steel
beams applications similar to those for concreteetigeen researched.

These previously mentioned strengthening methocdssfon the stability of local
members within the structural system as opposetbtmally strengthening the structure. When
considering a retrofit for a steel truss bridgealatability of truss elements is an important
consideration, however a global strengthening systéich provides redundancy to the entire
structural system while increasing local membefguarance is a much more desirable
objective.

1.2 OBJECTIVES

Previous research on steel truss systems has aakathematical approach to computing
the effects that damage has on the performandeecfytstem. Little to no previous research work
has been found pertaining to experimental testfrgje®l trusses for the effect of simulated
damage on their overall performance. A minimal ama@i previous research has been found to
have investigated the theoretical effects thatowsriorientations of post-tensioning systems have
on the overall load capacity of trusses and merstiess distribution in the presence of local
damage. In an effort to extend upon the previoukwothis field, this research focuses on

several ojectives;



1) To determine the effects that local damage haseglbbal performance of a truss
system by characterizing the distribution of eletrferces.
2) To develop methods for detecting damage in truisg)es.
3) To experiment with a state of the art techniqueréhiabilitating a damaged steel truss
bridge using post-tensioned carbon fiber reinfongelgmer tendons.
The performance of the bridge is characterized bygitaring changes in member strain and truss
deflection when damage is present at various logatwithin the truss system. The changes in
performance are used to evaluate the reliabilittheftruss at varying levels of damage.
Understanding the relationship between the locatialamage and the severity of its impact on
the capacity of the truss is of prime importancksoAan evaluation is performed to examine the
post-tensioning systems ability to modify the parfance of the damaged truss so that
acceptable levels of member force and truss défleetre achieved.
1.3 SCOPE
The work presented within this thesis considersaéesmodel steel truss bridge which is
used to experimentally gather data and then vérdydata against a computers numerical model
prediction. Two types of bridge conditions werelaaged in this work. First, a damaged bridge
was examined for the effects that local damageohake overall performance of the truss
system. Then, a strengthening system was emplaiad a post-tensioned carbon fiber polymer
tendon which was monotonically harped beneathrtres toetween the ends of the bottom truss
chord.
In order to compare the behavior of the bridge betwundamaged and damaged
conditions several damage scenarios were desigmeled truss bridge and then experimentally

tested and numerically verified using RISA 3D, aceercially available structural analysis
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software. Each damage scenario included damagspegtcafic location within the truss system.
For each location that damage was considered,atealj web elements were removed from the
truss. In total 16 damage scenarios were gener@ledvariation in member strain and truss
deflection was identified for each damage sceramman evaluation of the structural effect was
determined.

Prior to strengthening the damaged bridge, the-fgostioning system was load tested
using a SATEC 22 EMF tensile test machine to dategrthe failure mechanism of the system.
This test was performed to determine if the CFRIRraload could be achieved with the
designed anchorage system. Once the anchoragendgstthe CFRP tendon was determined to
be adequate to fail the tendon the post-tensiosystem was fabricated and attached to the scale
model bridge.

Testing the strengthened bridge utilized the saénéalmage scenarios as for the
damaged bridge. However with the addition of tmergjthening scheme a total of 48
strengthened scenarios were experimentally testearedeled using RISA 3D. This increased
number of testing scenarios was attributed to dlcethat for each damage scenario, three levels
of post-tensioning were applied to the bridge. ffivee post-tensioning levels included 2 kN, 4
kN and 6 kN of post-tensioning. Modeling the effetpost-tensioning was performed using
theoretically equivalent nodal forces as experidrfoem the harped post-tensioned tendon. This
method was selected as it reasonably equatedatie adnditions imposed on the bride by the
strengthening system.

Each scenario, both damaged and strengthened asdsted 5 times to ensure accuracy
of the experimental results. The stiffness of thdde for each load test was examined and

compared to the other 4 load tests for that pdaicacenario. Upon verification that the 5 load
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tests produced reasonably similar results onentastselected to represent the results for that
scenario.

Upon completion of the experimental and computedeliag the data was analyzed to
determine the effects that local damage and suks¢gtrengthening have on the overall
performance of the truss system.

1.4 OUTLINE OF THESIS

This thesis consists of five chapters and seveigarting appendices which include;
Chapter 1 —introduction and need for research, @h&p- a review of literature relevant to the
present research program, Chapter 3 - a paperdsvimg] the effects of local damage on the
behavior of a steel truss bridge, Chapter 4 - &papnsidering the functionality of a damaged
steel truss bridge strengthened with post-tensi@dP tendons, and Chapter 5 - a summary of
all technical findings and future research needs.

Chapter 2 focuses on literature pertaining todssassociated with steel trusses, truss
classification, dynamic analysis processes, posid@ing applications, applications for FRP’s
and design considerations for FRP applicationsp@na details the experimental and
numerical analysis that was conducted on a scédedl tsuss bridge. It looks at the behavior of
the truss system when undamaged compared to wineaigeais present. Then an evaluation of
the level of damage and the effects on the perfoc@maf the truss is conducted. Chapter 4
presents a novel approach to strengthening a dahstgel truss bridge. The effects that post-
tensioning have on the performance of the trusgw@iated and an analysis is performed to
determine the efficiency of the proposed strengtitemethod. Chapter 5 provides a summary of
the findings in chapters 3 and 4 and offers connomdemarks with regard to the effects of

damage on truss systems and the ability of theqsexgb strengthening system to repair a
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damaged steel truss system. Finally, the seveparatices provide additional data with regard
to experimental and numerical analysis that wasnodaded in either Chapters 3 or 4. The

supplemental data includes member strains, trutsctlens and dynamic analysis mode shapes.



CHAPTER 2. LITERATURE REVIEW

2.1 1SSUESASSOCIATED WITH BRIDGES

There are many potential issues that bridges aszlfavith when exposed to harsh
environmental factors and demanding vehicle lo@dien times issues arise after years of
continued wear and tear from environmental degradatch as freeze thaw cycles, application
of de-icing agents, harsh saline atmospheric cmmdit excessive vehicle loads and additional
traffic volumes all of which deviate from what timatial designs considered. Other times issues
arise suddenly and without warning when un-antteigampacts occur or earthquakes happen.
Yet still there are other areas for potential isssiech as shortfalls in the initial design that did
not meet the requirements of the anticipated loadsgs with construction not being performed
properly so that the design requirements are metaterials do not meet design requirements.
For these and additional reasons bridges can e@queriunexpectedly shortened life spans.
Several examples of inadequate design issues follow
2.1.1 Design Issues

After the collapse of the I-35W bridge in MinneappMN on August 1, 2007, Hao
(2010) performed an analysis on the original dedigging construction drawings a 3
dimensional finite-element model was developedvaduate the magnitude of stress in all of the
truss elements at the time of collapse. The armabsowed that the gusset plate thickness at
several locations where floor members connectékeanain truss were inadequately designed
and that the anticipated service load level aloae @nough to nearly initiate yielding of the
gusset plates. He also explained that the NTSBdisnibsed that the original method of a “one-
dimensional model” used to analyze the truss didortsider the effect of the forces from the

diagonal truss members which lead to the insufiicgrisset plate design.

8



2.1.2 Environmental Issues

Of other concerns are deterioration issues thaé ami cold weather regions. In 2010 Kim
and Yoon discussed the performance of bridgesctivagntly are in use throughout the state of
North Dakota. In their study they employed the ofs&IS, geographic information systems,
along with multiple regressions to determine thenmeasons that the 5,289 bridges in North
Dakota were deteriorating. Their study utilizededfiom the NBI, National Bridge Inventory,
database of bridges that were inspected from 20@6@7and it evaluated the physical,
environmental and material factors which could §goaiated with the bridges. Their results
highlighted that routine maintenance and rapidirsga damage, along with the volume of
traffic and year built significantly influenced tkdegree at which structural deterioration occurs.
Of primary concern from their work was the notet thass bridges may have inherent down falls
for applications in cold weather regions.
2.2 TRUSS CLASSIFICATION

An important metric in evaluating the capacity rofsts bridges is the classification of the
truss. The two main truss classifications whichenbgen agreed upon include either light or
heavy class trusses. The distinction between & &gt heavy class truss is defined by the type
of members that comprise the truss and the styt@mfection that is used to secure members to
one another. Nagavi and Aktan (2003) identifietiigass trusses being comprised of pin-ended
solid bar tension members and small rolled shapresompression members. Where as in heavy
class trusses the compression and tension menmadbsta constructed using rolled shapes and
all the connections are made using riveted gudattg Nagavi and Aktan used the heavy truss
classification to identify the type of truss usedtheir analysis of nonlinear behavior. In this

work they used a decommissioned heavy class stessl bridge to load to failure. The bridge
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was modeled using a nonlinear modeling procedutleétzan evaluated using a sensitivity
analysis from which the best representation obitdge was compared to the experimental
results. Their results concluded that heavy classées have the ability to maintain redundancy
even after the occurrence of initial yielding inltrple truss members.

Similarly, Frangopol and Curley (1987) identifiggbés of bridges with respect to the
level of redundancy of the truss, citing Csagolgt daeger (1979) who stated that bridges have
various alternative load paths which are oftendiff to identify. Here Frangopol and Curley
made the connection that “weakest-link” structurage a single load path before failure where
as “fail-safe” structures have the ability to reédmite loads to alternative load paths thereby
effectively increasing the level of system reduraheir approach focused on using an
analytical method to examine the effect that b@madge and system redundancies have on the
overall reliability of the trusses structural syste
2.3 APPLICATIONS FOR FRP

The use of fiber reinforced polymers (FRP’s) hagsesienced significant growth since
the early 1980’s with new applications for FRP’sa&rched annually. This fact results in more
opportunities for the material to be commerciallggquced which decreases the material costs
and increases the cost-effectiveness of using #temal for large scale projects. Several reviews
of the current applications for FRP’s follow.

Bakis et al (2002) provided a summarized reviewhefuses for FRP’s in construction
applications. The current list of civil applicat®mcludes internal and external reinforcement,
structural shapes, types of bridge decks, and pexpstandards/codes. A review of these
sections included consideration for the historyrent state of the art, and challenges that were

yet to overcome. They noted that even though tlaerral has been in existence since the
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1940’s its use in civil structures was previougtyiled. This was due to the fact that the
construction industry is fairly conservative with application of emerging materials along with
the previously higher price tag that was associafiiuits production. The acceptance of FRP
materials for civil construction projects is incsegy now that many new applications have
emerged for FRP’s along with a documented histbgxtensive material testing and a defined
knowledge base of the materials properties.

Teng et al (2003) reviewed the current state eingfthening reinforced concrete
structures using FRP materials. They examinedftikets that flexural, and shear strengthening
have on beams and slabs. For these cases the fabdes were examined and the strength of
the system was considered. Similarly they investidjghe effects of strengthening concrete
columns based on the modes of failure, the axiasststrain behavior and the seismic response
of the structure. The primary focus of their woresabased on developing rational models which
national and international organizations could tosgevelop codes and guidelines for the
application of FRP’s in concrete construction petgeln addition to the research that Ten et al
used to identify the current state of FRP applacetj work by Kim and Heffernan (2008)
investigated the fatigue characteristics of film@nforced polymer sheets externally bonded to
concrete beams. Included in their research werefteets on fatigue life as related to the
applied load range, bond behavior at the FRP andrete interface, effects from damage
accumulation, the propagation of cracks, effecimfsize, residual strength of the member and
the failure modes of the beam. They also focusesliommarizing the current literature such as
codes and design guides available for this typgeR® application.

Hollaway and Cadei (2002) summarized the currextesif rehabilitation techniques for

metallic structures using advanced polymer compegAPC’s). Of primary concern are the
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issues surrounding bonding of the APC'’s to a metallrface. The same principles apply when
bonding plates to metallic structures as when bangdlates to concrete structures. However, the
adhesives used for metallic structures create whiffieult problems to overcome. The most
common uses for bonding APC'’s include short-tertrofgs and long-term rehabilitations of
bridge beams and structural buildings. A few ydatesr, in 2006, Zhao and Zhang reviewed the
current state of the art for FRP strengtheningeélsstructures. They express that the option for
retrofitting steel structures with fiber reinforcpdlymers has experienced significant growth and
is becoming a fairly attractive method for rehdhtion of existing steel structures. The primary
focus of their work was on the bond behavior of HRP to steel, methods for strengthening
hollow steel sections, and crack propagation withenFRP-steel based on fatigue loading. They
also identified that future needs for researchudelthe relationship between bond-slip, the
stability of members strengthened using CFRP andietimay of fatigue cracks.

Kim and Harries (2012) investigated the applicabdiCFRP strips for repairing notched
steel beams. They analyzed the flexural behavithehotched beams as well as the bond slip
behavior at the interface of the CFRP-steel andabed plasticity around the area of the notch.
Their conclusion was that application of the CFR® seduced stress and plasticity around the
notch while the stiffness of the adhesive influehlmeal bond behavior but didn’t affect the
overall behavior of the member. In similar workKiyn and Harries (2010) they investigated the
effect that CFRP composites have on flexural stteergng of timber beams. The research
utilized experimental data to validate a 3 dimenaldinite-element model. Using the validated
model a parametric study was expanded to condigesrthotropic characteristics of the most
common timber species used in engineering pradticem the results they determined that the

strengthened beams could carry a greater load ahdiincreased capacity for energy
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absorption over their unstrengthened counterpddsiever, the failure of the beams was not
governed by the CFRP material properties, but atsbey/ the properties of the timber species.

Kim et al (2008) performed a full scale retrofitaoprestressed concrete bridge girder
which was 56 meters long and comprised of 4 equiatiruous 14 meter spans. The girder had
been previously damaged by frequent impacts froavhé&uck traffic, so for this case the
selected retrofit of the girder utilized prestres€8#RP sheets. In order to analyze the effects that
the various phases of structural integrity hadhenflexural behavior of the girder a finite
element model was created. The several phasesad¢hatconsidered consisted of the undamaged
bridge, the damaged and the repaired bridge. Aesas®ent utilized existing bridge codes from
the American Association of State Highway and Tpanation Officials LRFD code and the
Canadian Highway Bridge Design Code. Based on tbedes a good prediction of the live load
effect on the exterior girder was made. Howeveretiiects on the interior girders were
underestimated by the design codes resulting imegb@mmendation that refined analysis be
required for retrofits of that type of bridge.

MacDougall et al (2010) applied the use of carhbarfreinforced polymer (CFRP)
tendons for a retrofit of post-tensioned unbon@gaions in a concrete parking structure. The
existing steel tendons had corroded and lost tipa@ined strength for the structure to operate at
the required capacity. By engineering the installabf the CFRP tendons to replace the existing
tendons the capacity of the parking structure \wasvered. Since the steel tendons were
replaced with the state-of-the-art FRP materialréteofit was not susceptible to electrochemical
corrosion, it experienced less relaxation thanl steé provided similar strength to steel. To the
best of the authors knowledge, this was the fesbFit of its kind. Although this case resulted

in anchorage losses up to 60% it was determinddthehanging the anchorage design the
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losses could be reduced to an acceptable 1-9%.
2.4 POST-TENSIONING

Methods used for increasing the strength of trystems can pose inherently different
challenges than those required for strengtheniagniseand columns. In addition to requirements
for strengthening the components of truss systéere is often times a need to increase the level
of system redundancy, especially in older strustuvkich have degraded to a point where there
serviceability level is less than that which isuiegd. From this need, the application of a post-
tensioning system has been brought to attentiose&eh work in this area has been limited thus
far, experiencing mostly theoretical investigatiémsapplications with documented
experimental testing even more limited.

Ayyub et al (1990) focused on using an analytiggdraach to investigate the theoretical
application of either an internal or external pi@stsioning tendon. Their work examined the
effects of various tendon drape configurations inithtruss profile. The purpose was to find a
cost-effective process for both strengthening imligl truss members and increasing the
redundancy, ergo reliability, of the structure teanthe requirements of increasing traffic loads
and volumes. Considerations were made as to thetefthat post-tensioning had on either a
statically determinate truss versus a staticalfietarminate truss. What they found was that use
of an internal tendon on a determinate truss ratlstress in only the tension members when the
tendon coincides with individual members and wientendon does not coincide with members
the method is not very effective. Whereas for atetarminate truss use of the internal layout
results in a reduction of stress for tension membafty and with an external layout compression
and tension members are strengthened. From #weitts they concluded that the post-

tensioning method was effective for increasingféiigue resistance, elastic range, redundancy
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and reliability of the truss system. All the whiteeffectively decreased the member strains and
overall truss deflection. This result was what thag hoped to achieve as it provided an
extended service life for the bridge by way of latreely cost-efficient retrofit.

Expanding on the work performed by Ayyub et al @9%¥Han and Park (2005)
performed a parametric study of various types at{p@nsioned tendon orientations for
strengthening a truss bridge. They focused on $kedtieither a straight or draped tendon profile
and examined the effects that truss type, tendofil@rtendon eccentricity, and tendon force
have on the capacity of the truss. They determihatithe allowable load for a truss is directly
related to the level of post-tensioning force aockatricity of the tendon. Similar to Ayyub et al
(1990), it was their conclusion that the elastiog@and redundancy of the truss are increased
while the truss deflection and member strains amzehsed resulting in an increased load
capacity for the bridge.

Further investigation as to design criteria fortgessioning tendons concentric with
members in steel truss bridges was performed byeshi and Lenwari (2008). Their discussion
considered design criteria for tendon cross-seatiarea and post-tensioning force required to
prevent tendon yielding, member buckling, membactiire and member yielding. Their design
considered two proposed strengthening methodsfifcteitilized the post-tensioned tendons to
reduce member strains and control fatigue cracgamgation. The second method provided the

tendons as an available backup in the case ofaadirlg the existing member.
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CHAPTER 3. EFFECTSOF LOCAL DAMAGE ON THE BEHAVIOR OF A STEEL
TRUSS BRIDGE
*Note: Contents of this chapter have been submttigtle Journal of Bridge Engineering,
ASCE, for possible publication.
3.1 ABSTRACT
This chapter presents an investigation into théop@ance of a steel truss bridge
subjected to local damage. An experimental progsétim sixteen damage scenarios is conducted
to study the behavior of damaged truss systembre®etdimensional numerical model is
developed to predict test results. Static and dynagsponses of the damaged trusses are
compared with those of the control. Foci of thelgtare damage quantification using a damage
index, load rating, variation of strain energy, mbanalysis, and structural safety based on a
simple reliability theory. Service performance lo¢ truss bridges is significantly influenced by
local damage and their load-carrying capacity goeentially reduced with an increasing
damage index. A high mode shape such as'firaete is of use to diagnose local damage in the
truss systems. The global safety index derivedgudéflection characteristics is an indicator to
indirectly detect the presence of local damagééenstystem. Stress redistribution among the
constituent truss members is found to be insigaificexcept for those adjacent to the damage.
The need for developing a repair method that cainess the global redundancy of a damaged
truss bridge is highlighted.
3.2INTRODUCTION
Deterioration of bridge infrastructure is a criticancern over the world. According to
the American Society of Civil Engineers (ASCE 2Q10¥ average age of bridges in the US is

43 years old as of 2010 and an overall grade o&€ given to these bridges. Correspondingly,
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over 25% of bridges in the nation are classifiedtascturally deficient or functionally obsolete.
Bridges classified by one of these two categor@esat operate at their required capacity and
require restrictions which impede the public’s oséhe bridge. Government agencies spend
significant expenditures for timely maintenance egtthbilitation to address these issues. In
many cases, bridge insufficiencies can be attribtdeaging, environmental damage, higher
levels of demand and load being realized by bridgas what they were initially designed for,
greater amounts of deicing agents in use, andfalisiin the initial design. In addition to many
bridges not meeting current standards, catastrdpidge failure events such as the I-35 collapse
in Minneapolis, MN, have generated an increasee lefvattention on the issues associated with
existing bridges. Hao (2010) reported that the\W3aridge had collapsed because of excessive
stresses accumulated in local members: inadequagegplate design thickness and member
side wall thickness which were insufficient to saggservice loads.

Efforts have been made to study the behavior oftroated truss bridges. Lenett et al.
(2001) conducted an inspection project on a thpas$russ bridge between Ironton, Ohio and
Rusell, Kentucky. The states of existing and regghtruss members were visually examined.
Strain responses of selected members were monidred subjected to known truck loads.
Inspection data provided crucial information to thBng and posting of the bridge. Azizinamini
(2002) performed a full-scale load test using adeunissioned truss bridge. Load-carrying
capacity of the bridge was experimentally determhiaed failure mode was observed. Local
failure of a diagonal tension member initiated g@bfailure of the truss system. It was
highlighted that attention should be paid to thealdehavior of tension members in aged truss
bridges. Alampalli and Kunin (2003) examined thieiaction between the deck and truss system

of a rehabilitated 50-year old bridge. A coupldaad combinations with heavy trucks were used
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to measure the response of the bridge. Test raaditsated that the response of the bridge deck
was affected by the local behavior of truss membickey et al. (2009) tested a 260 m truss
bridge situated between Pulaski and Hillsville,gifiia using two 25 ton trucks. Deflections and
strains were measured. A numerical model was dpedlto predict test data. Findings included
that the bridge’s response was characterized loy Beams and stringers, and that local failure
of truss members was a critical consideration.

More specific to truss bridges from a structuraluedancy perspective, Frangopol and
Curley (1987) identified that truss bridges werenfclassified as either multiple load pathl{
safestructures) or single load pathgakest-linkstructures). The type of classification depends
on the structure’s ability to find suitable altetima load paths when damage is present.
Structures that are classifiedvasakest-linkack system redundancy and therefore when subject
to damage become increasingly more susceptiblgltod. Ghosn and Moses (1998) proposed
methodologies to examine the level of redundan@kisting truss bridges. Several limit states
were defined based on ultimate, service, and damagigurations. System factors were
suggested to evaluate structural redundancy aridnprary design provisions were discussed.
Nagavi and Aktan (2003) categorized trusses asredtight or heavyclassification. A truss
system categorized into thight class was composed of pin-ended, solid bar, tamaembers,
and small rolled shapes for compression membernde alsystem classified as theavyclass
was assembled from members of only hot rolled shapd connected by riveted gusset plates.
Differences in performance between these two ctassee predominantly due to the pin-ended
connection in théight class truss where a lack of redundancy createdadey failure potential.
Kim and Yoon (2010) stated that a lack of redungancteel truss bridges could cause

susceptibility to premature failure. This is be@atrsiss bridges are generally considered to be a
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non-redundant system as the failure of a singlepormant often leads to the successive failure of
multiple components and ultimately the failure lué £ntire system.

As discussed above, the global response of alnigge is significantly influenced by
the local behavior of constituent members. Mosba$ting research is concerned with non-
destructive load tests on truss bridges and casrelipg responses. Limited information is
available regarding the effect of local damagehmnltehavior of a truss system. This paper
presents an experimental study to examine the nsgpaf a scaled truss bridge having various
damage scenarios. A three-dimensional numericakineds developed and validated with test
data. The model was further used to expand labgréitalings. A simple reliability analysis was
carried out to evaluate the performance of damawess bridges.
3.3RESEARCH SIGNIFICANCE

Truss bridges intrinsically lack structural redunckawhen compared to slab-on-girder
bridges. Reliability of such a system is signifitamfluenced by local damage due to the
alteration of load path. A catastrophic event naketplace if increased distress exceeds the
capacity of a damaged system. The effect of loaalabe on the behavior of a truss bridge needs
further research. Current design and practiceustbridges do not explicitly take into
consideration the interaction between constitutneanbers and global response. These facts
create the need to study the effects that damagerhateel truss bridges. Although a few
numerical investigations have been conducted tomeeathe behavior of damaged truss bridges
(Ghosn and Moses 1998; Hao 2010), experimentaiteffmve been limitedly reported. Of
primary concern of this laboratory investigatiomdmned with a modeling approach is the
change in response of steel truss bridges fronstitbedamaged conditions, including static and

dynamic behavior.
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3.4 EXPERIMENTAL PROGRAM
3.4.1 Material and Truss System

A scaled truss bridgé. (= 6.2 m) was fabricated using several differen¢siof steel
tubes (Grade A36), as shown in Fig. 3.1. The maltand bridge dimensions are displayed in
Fig. 3.1(a). The truss system consisted of two mraisses (Trusses 1 and 2), lateral stiffening
frames welded along the top chord of each trugsduide a stable test environmeertpss
braces, and leg members [Fig. 3.1(b)]. The numberass braces was minimized during design

by addition of the lateral frame that would previeuatkling of the top chord on each truss. Steel
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Fig. 3.1 Truss details: (a) truss members; (b) fabricatesstsystem; (c) loading and
instrumentation

components included the following nominal propertigeld stressaf) = 290 MPa, elastic

modulus E) = 200 GPa, and Poissons rat £ 0.3.
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3.4.2 Damage Simulation

Damage simulations were generated by removing \agbents from the truss. Figure
3.2(a) provides a schematic view of damage cordijoms. To represent significant damage in
constructed truss bridges, a set of four adjadements was removed per damage scenario, as
typically shown in Fig. 3.2(b). A total of 16 daneagombinations were designed, depending
upon the location of damaged elements (Table Bl&htification code of each damage scenario
indicated the location of damage in Trusses 1 ammh@ the position of the damage within the
truss [positions 1, 2, 3, and 4, as shown in Fig(ed]. For example, Specimen 1_1 denotes that
the location of damage was in Truss 1 with posifipwhile Specimen 1_2 & 2_3 calls out Truss

1 with damage position 2 and Truss 2 with damagsitipa 3.

N (VY AR Y AR Y AR VARAY.

(a)
Fig. 3.2 Damage scenario: (a) identification of damagetmosi(b) simulated damage
(Specimen 2 with damage position 1_2)

3.4.3 Loading and I nstrumentation

The truss system was monotonically loaded at a&&ygeervice load of 4.5 kN (i.e., 25%
of the predicted capacity of the control truss)hetest category was loaded five times to ensure
the reproducibility of experimental results. A 25nthick by 919 mm square steel grate was

used near midspan of the truss, as shown in Figc)3.To achieve a uniform distribution of load
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from the hydraulic actuator along the length of ghate, a steel channel was centered at the
middle of the grate and spanned the length of tagegDeflection of the test truss was recorded
by linear potentiometers located at midspan otihhes. Strain gages were bonded to selected
members [Fig. 3.1(a)]. Structural responses ottrerol truss and each damage scenario were
recorded using a data acquisition system.
3.5NUMERICAL MODELING

Modeling the truss bridge was performed using RBSB structural analysis software. A
complete three-dimensional model of the bridge wsesl for analysis, including two single span
trusses, three cross braces, and four piers, asmsnd=ig. 3.3. The respective element cross

section geometries were input into the softwareagemal database where the cross sectional

(a) (b)
Fig. 3.3 Numerical model showing deflection at 20 times mgation for the service load of
4.5 kN: (a) control truss; (b) damaged truss (Speai 7)

properties were calculated. Boundary conditionsvestablished at the base of each pier. The
degrees of freedom that were restrained at eachngieded translation in the longitudinal,
lateral, and vertical directions. Upon generatibmembers in RISA 3-D, finite elements were
automatically sub-meshed. In total, 404 line eletmand 250 nodes were used to generate the

control truss. Fixed connectivity was achievedllaih@ element connections in the truss model.
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Material properties were input based on the vatoestioned in the “Experimental Program”
section.
3.6 TEST RESULTSAND MODEL PREDICTION
3.6.1 Static Behavior
3.6.1.1 Damage index
To quantify the behavior of the damaged truss syst@ damage index (DI) was used:

kl
DI =1-— 3.1
” 3.1)

where k and k’ are the stiffness of the control dathaged trusses, respectively. The stiffness of
each truss was obtained from the ratio of appled to corresponding deflection at midspan. It
should be noted that use of a damage index is reteeant than a comparison employing a load
versus deflection response because the applieddahe truss specimens was in an elastic
range. Table 3.1 presents the measured and preédiateage indices. Reasonable agreement
was made between these damage indices with averaiggns of 16.1% and 28.1% for Trusses
1 and 2, respectively. Substantially high margieseanoticed for Truss 2 when the primary
damage was present in Truss 1 (Specimens 1 telhoam in Table 3.1). Such an observation
illustrates that the load distribution between expental Trusses 1 and 2 was not even when
one of these trusses was damaged, which was diffeten the ideal load distribution in
numerical counterparts. This is confirmed by thdumed margins of Specimens 12 through 16
(3.9% on average) where damage occurred in batkesu

Figure 3.4(a) shows the relationship between timeadg index and the normalized
deflection at midspan (i.e., deflection of a danthgass divided by that of the control at a load
of 25% of the control capacity). A gradual increasthe normalized deflection was observed

when the damage index increased. Predicted resiiibited good agreement with the test data,
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including an average error of 19% for Truss 1 a¥dfér Truss 2. These results indicate that
local damage in a truss system considerably infledrihe serviceability of the system,
particularly critical when a damage index was geetttan 0.5. Similarly, the relationship
between the damage index and predicted failure\wssldeveloped in Fig. 3.4(b). The load at
failure was defined by the load causing the fings$ member to reach its yield capacity (Hickey

Table 3.1 Details of test specimens and corresponding danmaigees

Damage index
Specimen Damade Scenarid Truss 1 Truss 2
ID g Exp- | Model | Margin® | Exp- | Model | Margin®
(a) (b) (%) (a) (b) (%)
Control None N/A N/A N/A N/A N/A N/A
1 11 0.52 0.62 19.2 0.09 0.01 88.9
2 12 0.39 0.49 25.6 0.12 0.01 91.7
3 13 0.41 0.49 19.5 0.04 0.01 75.0
4 11&13 0.60 0.72 20.0 0.01 0.02 100.0
5 11&14 0.65 0.76 16.9 0.05 0.03 40.0
6 11&21 0.58 0.63 8.6 0.60 0.63 5.0
7 11&22 0.51 0.63 23.5 0.5Q 0.49 2.0
8 11&23 0.52 0.62 19.2 0.53 0.49 7.5
9 11&2 4 0.56 0.63 12.5 0.65 0.63 3.1
10 12&22 0.38 0.49 28.9 0.41 0.49 19.5
11 12&23 0.37 0.49 32.4 0.45 0.49 8.9
12 11,21&23 0.59 0.63 6.8 0.73 0.72 1.4
13 11,21&24 0.62 0.63 1.6 0.76 0.77 1.3
14 12,21&23 0.45 0.49 8.9 0.69 0.7p 4.3
15 1221&24 0.57 0.49 14.0 0.77 0.77 0.0
16 1321&23 0.49 0.49 0.0 0.71 0.72 1.4

! Average value of measured test data
2 margin (%) = absolute value of (a-b400

et al. 2009). Figure 3.4(b) shows that the prediciémate load exponentially decreased with an
increasing damage index. For example, the comuiektexperienced a failure load of 18.7 kN,
while at a damage index of 0.76 a failure load.8fl6N (i.e., 33.7% of the control capacity) was
observed. These results imply that the degree mbda severity abruptly influences the

response of a truss system. Such a trend expldigsrass systems collapse in a sudden manner

24



without a warning of impending failure.
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Fig. 3.4 Effect of damage level on performance of trusgn¢amalized deflection; (b)
normalized failure load

3.6.1.2 Strain response

Figure 3.5 compares the measured and predicted erestrhins at midspan (presented
here for brevity are the top and bottom chordgtercontrol and damaged trusses 1 and 7).
Strain response of all experimental specimens wagally linear and the recorded strain values
were considerably lower than the yield strain obA3eel §, = 0.0015). These observations
ensured that multiple damage scenarios using éedings system (Table 3.1) were adequately
conducted without the presence of plastic damageeisystem. The experimental strains tended
to be stiffer than those predicted. This can bdagxed by the initial incomplete engagement of
all connections; in other words, load transfer fribv@ actuator to the members was delayed
because the piecewise members needed to be engagéuer when loaded.

3.6.1.3 Rating of a damaged truss system

Load rating of the damaged truss systems was coediusing the method shown in the
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Manual for Condition Evaluation of Bridges (AASHTZD03):

_C-AD

RF AL[L+1)

(3.2)

where RF is the rating factor consisting of Opagand Inventory ratings; C is the predicted
capacity of the truss system; D and L are the @@adive load effects, respectively; And A

are the factors for the dead and live loads, rasmdy; and | is the impact factor. For Operating
rating,A; andA; are 1.3 and 1.3, respectively, while for Inventaaing these are 1.3 and 2.17,
respectively. The impact factor for the preserggrsystems was set to 0.1 by assuming smooth
approach and deck conditions (AASHTO 1989). It $thdne noted that use of the impact factor
can generate a more realistic rating for construtiigss bridges even though such an impact
factor has not been presented in the test tru$bestruss capacity for each scenario was taken as
the load that initiated first yielding of a membtire dead load was taken as the self weight of
the bridge, 0.77 kN; and the live load was theiserload of 4.5 kN. Figure 3.6 compares the
rating factors of each damaged truss using thedlipgrand Inventory ratings [Fig. 3.6(a) and
(b), respectively]. Relatively constant rating tastwere observed for Truss 1 because it was
primarily damaged in all damage scenarios, as showable 3.1 and Fig. 3.2(a). The rating of
Truss 2 was, however, fluctuating due to their mgstent damage location. The rating factors of
Truss 2 in Specimens 1 to 5 were 63% and 63% hitjlagrthose of Truss 1, on average, for the
Operating and Inventory, respectively. These reslilistrate that load transfer between these
two trusses was not significant when only one tiuas damaged because a concrete deck slab
connecting these two members was not includedisrstiidy. Figure 3.7(a) shows the
relationship between the rating factors and thie itservice deflection to ultimate (failure)

deflection. The predicted relationship exhibitst thaithe rating factor decreases the service
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Fig. 3.5 Strain response: (a) Specimen 1- Truss 1 top ¢lfoydpecimen 1- Truss 1 bottom
chord; (c) Specimen 7- Truss 1 top chord; (d) Speai7- Truss 1 bottom chord

normalized deflection for Operating and Inventogsveimilar to each other. For instance, the
changes in the Operating and Inventory ratinggfass 1 were 57.1% and 58.8%, respectively,
when the normalized deflection increased from ®28.55, as shown in Fig. 3.7(a). Figure
3.7(b) compares the damage index with the failoagl lof the damaged trusses normalized to
that of the control. The damage index of the teystems was found to be less than 0.4 to
maintain an Inventory rating factor (representieyicle loads being safely operated for an

indefinite period of time) equal to or greater tHah that were associated with a normalized
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Fig. 3.6 Load rating of damaged truss systems for Trussewl2: (a) Operating rating; (b)
Inventory rating

failure load of 0.9.
3.6.1.4 Strain energy

To analyze force redistribution resulting from Ibttass damage, the element strain
energy of a damaged truss was normalized agaiastthin energy of the control by the

following.

P%L
2AE

U,
= — 9% in which U, =

i—control

u (3.3)

n

whereU,, is the normalized element strain enerdyis the strain energy of the trugsandL are
the cross-sectional area and length of the memitesectivelyP is the member force; ariglis

the elastic modulus of the member. Figure 3.8 dgpiat member proximity to damage is a key
factor on the performance of truss componentsekample, the strain energy of Member M1_6
increased roughly 3.5 times more than that of otembers (i.e., M1BCA 1 and M1_17)

because M1_6 was directly adjacent to damage &éomifjority of the damage scenarios (except
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Fig. 3.7 Load rating versus predicted performance of dachagess systems (Truss 1): (a)
deflection; (b) failure load

when M1_6 was removed or when scenario 1_3 or laghested). Such an observation
indicates that the stress of a damaged truss memdgenot be effectively redistributed to other
members except for those located near the damagatahtrophic failure event of a truss system
can thus initiate at the critical region. This cdoiston highlights the need for improving the
redundancy of a damaged truss system, rather ticatized element-level repair, so that the
overall performance of the truss can be enhanced.
3.7 DYNAMIC BEHAVIOR

Dynamic analysis of a predictive model may be reabty performed once the modeling
has been validated with static conditions (Zein @adsman 2010). The following discusses the
predicted dynamic behavior of the truss systemgestdd to the same live load criteria used for
the static investigations.
3.7.1 Mode Shape

Mode shapes of the control and damaged trussesgeeerated and the equivalent mode
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shapes were compared to one another. Figures 8.9.40 show the first four modes for the
control truss and Specimen 9 that represents aalygamaged truss system studied here. The
shape of modes 1 and 2 was observed to be indeptesidée level of damage; however,
variance between the control and damaged trusseprgaent at higher modes. For the control
truss, modes 1 and 2 displayed lateral sway [F&(a} and longitudinal shift [Fig. 3.9(b)],
respectively, while modes 3 and 4 demonstrated tnsut the center of the truss [Fig. 3.9(c)]
and camber [Fig. 3.9(d)], respectively. Mode shdpand 2 of the damaged truss (Specimen 9)
were the same as those of the control [Fig. 3.1@r{d (b)], whereas modes 3 and 4 lacked the
symmetry and direction of deformation that the colnnode shape exhibited, as respectively
shown in Fig. 3.10(c) and (d). Such distinct changanode shapes of the damaged truss are
attributed to the reduced stiffness in the directbddisplacement. The sensitivity of higher

modes was confirmed by the changes in frequencysiéed in the following section.
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3.7.2 Frequency

Damage detection by changes to resonant frequemeigse useful because they are
reliable and quickly obtainable. This method of dgm detection is based on the principle that
structural frequencyf)is directly related to the equivalent stiffne$she structural systenkd)

Table 3.2 Truss specimen modal frequencies

Mode and frequency
Specimen ID 1 2 3 4
Hz A? Hz A? Hz A? Hz A?
Control 0.94 - 1.41 - 5.28 - 8.17 -
1 0.94 | 0.4% 1.41 0.1% 5.29 -0.1% 500 37./%
2 0.94 | 0.4% 1.41 0.1% 5.21 1.3% 5.8 28.9%
3 0.94 | 0.4% 1.41 0.1% 5.21 1.3% 5.8 28.9%
4° 094 | 0.7% 1.41 0.1% 5.22 1.2% 438  46.4%
5 094 | 0.7% 1.41 0.1% 529 -0.1% 406 50.3%
6° 094 | 0.7% 1.41 0.1% 5.18 2.0% 499  38.9%
7° 094 | 0.7% 1.41 0.1% 5.22 1.2% 508 37.8%
8° 094 | 0.7% 1.41 0.1% 5.22 1.1% 50 37.9%
o° 094 | 0.7% 1.41 0.1% 529 -0.2% 499  38.9%
10 0.94 0.7% 141 0.1% 5.13 3.0% 5.74 29./%
11 094 | 0.7% 1.41 0.1% 513 2.9% 572  30.0%
12 093 | 1.1% 1.41 0.1% 5.23 0.9% 436  46.6%
13 093 | 1.1% 1.41 0.1% 529 -0.2% 405 50.4%
14° 093 | 1.1% 1.41 0.1% 5.13 2.9% 437  46.5%
15° 093 | 1.1% 1.41 0.1% 5.22 1.2% 405 50.4%
16° 0.93 1.1% 1.41 0.1% 5.13 2.8% 4.3Y 46.5%

*Note: frequencies shown in table for damage sdesare frequencies of modes corresponding
to the first four modes of the control bridge. Tmanges in mode are noted by; b or c.

a: difference between control and damaged truss

b: mode 3 switches with mode 4

c: mode 3 is mode 4 and mode 5 is mode 3

and inversely related to the magy:(

f= 2;1\/E (3.4)
m
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A decrease in resonant frequency signifies a lbssiftness and therefore damage to the system.
However, changes in frequency greater than 5%harertly way to be sure that damage is
present as long as these measurements are nottsobghanges in ambient conditions (Salawu
1997). Table 3.2 summarizes the frequencies ofitileage scenario modes corresponding to the
first four modes of the control bridge. It is impant to note that mode shapes that demonstrate
similar deformation should be compared so thatc@nr@ate measure for the change in modal
frequency is achieved. From a comparison of therobtruss to the damaged counterparts,
modes 1, 2, and 3 showed negligible change in &eqgy (less than 3.0%) with changes to the
amount of damage present. Mode 4, on the other, li@mdonstrated much greater changes to
frequency from the control to damaged cases. Mowadily detected changes in frequency
from 28.9% (Specimens 2 and 3) to 50.4% (Specirm8rand 15), indicating that this is a
recommended mode to diagnose the presence of damtgetruss systems studied here. Figure
3.11 shows the change in natural frequency of yetem for modes 1 through 4 with respect to
the worst-case damage index of Trusses 1 and @isdassed above, modes 1 through 3 had
little to no effect on the natural frequency; howethe frequency of mode 4 remarkably
decreased with an increasing damage index. ThiBamitat the use of natural frequency
associated with a higher order mode shape (femdde in this study) is a quantifiable indicator
of damage; thereby a meaningful tool for damagpeason of constructed truss bridges.
3.8RELIABILITY ANALYSIS
3.8.1 Safety Index

A deflection-based safety index was used to quatiig performance of the damaged

truss systems:
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Fig. 3.9 Mode shape of control truss during service loaéllef 4.5 kN: (a) mode 1 (b) mode 2
(c) mode 3 (d) mode 4

5ult ~ a_serv (3 5)

RN ErN N EE

whereZ is the global safety index; aiag; anddsenare the ultimate and service deflections,

respectively; and(dy) andao(dsen) are their standard deviations. As discussed pusly, the
ultimate and service deflections were respectiobligined when the first truss member reached
its yield capacity and when a service load of Nowas applied (25% of the control bridge’s
ultimate capacity). The proposed safety index mlmentally aligned with the classical concept
of a reliability index based on the ultimate ant/e® loads (Frangopol and Curley 1987). The
coefficient of variation was taken from previousearch (Nowak 1993,1995): 0.12 and 0.18 for

the ultimate state that is related to strengththedservice state that is associated with a lia€ lo
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Fig. 3.10 Mode shapes of Specimen 9 during service load &5 kN: (a) mode 1 (b) mode 2

(c) mode 3 (d) mode 4 (e) mode 5

effect, respectively. It should be noted that treasured coefficients of variation in the

laboratory were much less than those used hereibethe measured values were obtained in a
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Fig. 3.11 Natural frequency response with the worst caseag@nmdex
controlled environment that might not represensitn-conditions. Relationships between the
global safety index and the deflection charactessif the damaged truss systems are shown in
Fig. 3.12, including the normalized deflection alamaged system to that of the control [Fig.
3.12(a)] and the service deflection normalizechlL800 limit of AASHTO [Fig. 3.12(b)]. The
service deflection of the damaged trusses sigmifigancreased when the safety index
decreased, whereas their ultimate deflection wlasively constant, as shown in Fig. 3.12(a).
There was no difference between the service andatk deflections of the damaged trusses
having a safety index of greater than 4 when coetptr those of the control. A global safety
index of 2.5 was found to be the lowest bound tsfyathe AASHTO deflection limit, as shown
in Fig. 3.12(b). It is, thus, recommended thatréi®bility calibration of constructed truss
bridges in service be conducted with a safety inofex5.

Using the same approach as for the global safégxinboth the average and minimum
safety indices were determined based on the cgpafandividual truss elements governing the

failure of the entire system. For this method, uhiy capacity (U.C.) of the truss members was
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employed: the ultimate capacity of a critical membas represented by unity and thus any

value less than one meant that the member hadhived fyet, as shown in Eq. 3.6:

5 A 5 -
OTruss 1 - Service O Trussl
4 0o O Truss 2 - Service 3 4 O Truss!
5 X Truss 1 - Ultimate :__0)
13 + Truss 2 - Ultimate a
T 3 A 23 -
&
= o 25
g k) | L.
5 9 o g 5 0o | AASHTO limit
£ = @ (L/800)
9 x+ = ]
= P 5 [ I Unacceptable
1 4 * 9 Z 1 t======-f}------mmmmmmmmmmemaa--
Gl o
' Q@p0 Acceptable
1
O T T T T 1 O T A T T T 1
¢ 2 4 G & 10 ¢ 2 4 G & 10
Global Safety Index Global Safety Index
(@) (b)

Fig. 3.12 Relationship between global safety index and nbmed deflection: (a) to control
deflection; (b) to AASHTO deflection limit

1-U.C.

% ol + oo

whereZ. is the element safety in service (i.e., 25% ofdbetrol capacity was applied here), and

B

o(pur) and o(psen) are the standard deviations for the ultimate sewvice forces in the truss
element, respectively. The standard deviationgHermember’s ultimate and service capacities
were evaluated using the same coefficients of tiarias for the global safety index. Figure 3.13
presents the element safety index of each damag®sse. In this figure, the Control-Avg and
Damage-Ave are defined as the average elemenydatites of the entire truss elements for
the control and damaged trusses, respectively ewbdntrol-Min and Damage-Min denote the
minimum indices of the critical member of thosestes. The average change in element safety

indices between the control and the damaged cases ot significant: 12.6% and 11.7 % for
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Trusses 1 and 2, respectively, on average. Themami indices for the damaged truss systems

were, however, remarkably lower than those of th&rol: 64.3% and 51.0% for Trusses 1 and
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Fig. 3.13 Truss safety based on element safety index: (@sTt; (b) Truss 2

2, respectively, on average. These observationfirgothat damage distribution (or stress
redistribution among truss members due to localadgnin a truss system was not significant
and damage localization was a critical factor Iegdo the safety of the system. It is interesting
to note that the global safety index based on #ilection of a damaged truss system (Eg. 3.5)
was aligned with the minimum element safety indexwed from member force, as shown in
Fig. 3.13. This correlation implies that as loattansferred to critical elements due to the
presence of damage the capacity of the elementresthect to safety against failure follows the
same trend as the deflection of the system. Regubaitoring of the deflection of an existing
truss bridge is thus an important task, unlesdiae@ health monitoring method is utilized, to
indirectly estimate the progression of the minimelement safety index that represents the
current state of a critical region in the bridgkisTapproach could be an inexpensive and

practical method to determine the safety of thddwiagainst impending member failure.
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3.9 SUMMARY AND CONCLUSIONS

An investigation has been performed as to the effixat local damage in steel trusses

has on the overall behavior of the bridge. The stigation utilized an experimental program to

test a scaled model bridge, which was validated wihumerical model. The numerical

modeling was then extended to investigate theiogiship between damage and bridge failure.

The behavior of sixteen damage scenarios was caaparthat of the control truss. A static

analysis was carried out which utilized a damagexto quantify the level of damage present in

the bridge, to examine the load transfer relatignbbtween truss members, and to quantify the

failure load for various scenarios. In additiomymamic analysis investigated the effect of

damage on mode frequency and changes in mode shapaple reliability analysis was

conducted to assess the safety of the truss systdmagollowing is concluded:

The presence of local damage in the truss systgnifisantly influence the serviceability
of the system (i.e., deflection), particularly metble for those with a damage index of
greater than 0.5. The load-carrying capacity ofdhmaged truss systems exponentially
decreased with an increasing damage index.

The current AASHTO load rating method was reasgnapplicable to the truss bridge
systems, while the rate of change in the normalgedtéction for the Operating and
Inventory ratings was almost identical. It was maarended that the Inventory rating
factor be greater than 1.5 for the safe operati@xisting truss bridges.

From a dynamic analysis perspective, a higher nsbdpe and corresponding frequency
were useful to detect the presence of local danmatfee truss systems. The natural
frequency associated with th8 shode remarkably decreased when the damage index
increased, implying that the equivalent stiffnekthe system was reduced in a specific
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direction of displacement.

The stress of the damaged truss member was natieffly redistributed to other
members, except for those adjacent to the damdmgeaverage safety index of the
constituent members was not sensitive to the ldaalage, whereas the safety index of
the critical members was. The global safety indethe system based on deflection
characteristics was a good indicator to indiredthgnose the presence of local damage.
A repair method that can improve the redundancay @émaged truss bridge, rather than

localized repair, is required to enhance the oVvpsformance of such a bridge.
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CHAPTER 4. FUNCTIONALITY OF A DAMAGED STEEL TRUSSBRIDGE
STRENGTHENED WITH POST-TENSIONED CFRP TENDONS
41 ABSTRACT
Since the catastrophic collapse of the 1-35W brithgeperformance of steel truss bridges
has come under question. Research shows thatdékerme of damage in a steel truss bridge has
a significant impact on the serviceability and laagbacity of the structure. Due to this fact it
becomes imperative to design a strengthening mettaaavill increase the redundancy,
serviceability and load capacity of the steel thusdge when damage is present. In this work an
externally draped post-tensioned carbon fiber tandased to rehabilitate a damaged steel truss
bridge. The method uses a scale model bridge fr@MESCE’s Student Steel Bridge
Competition which is load tested for a control suén 16 damage scenarios and three levels of
post-tensioning for each damage scenario. A 3-Daiheds generated using RISA 3-D
structural analysis software and then used toyénég experimental results. Methods used to
compare the numerical models results to the ex@eriah results include member strain,
deflection and camber. Upon verification of the exmental results, the numerical model was
extended to further develop the relationship betwsteengthening and the performance of the
bridge.
4.2 INTRODUCTION
As of 2010 the American Society of Civil Engine&iReport Card for Americas
Infrastructure” evaluated the national bridge ineenwith a grade of “C”. This evaluation was
in response to 25% of bridges being classifiedthgestructurally deficient or functionally
obsolete. With the current state of constructedl ¢tass bridges in the US new materials and

methods for repairing and rehabilitating damageddges is required. Most recently, the use of
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fiber reinforced polymer’s (FRP’s) have receiveddstigation for their application in structural
strengthening schemes. Bakis et al. (2002) revigiveaurrent state of fiber-reinforced polymer
composites used in construction. The review comedleivil engineering applications for carbon
fiber reinforced polymer’'s (CFRP’s) in bridge deckdernal and external reinforcements, and
codes. In a majority of previous works most FRPliappons focused on strengthening concrete
structures. Kim et al. (2008) examined the usere$fpessed carbon fiber reinforced polymer
(CFRP) sheets to repair damaged concrete briddergirThe strengthening scheme was
designed in accordance with AASHTO LRFD and theadsam Highway Bridge Design Code.
The work evaluated the flexural behavior of thelgel during undamaged, damaged and repaired
conditions. A full-scale FEA model was used to cangpthe results to those predicted by
AASHTO LRFD and determined that the AASHTO LRFD eqaovided conservative results
compared to the FEA model.

In addition, applications for steel strengtheninthvCFRP’s have been gaining interest
in the civil engineering industry. Hollaway and @a(2002) summarized some recent
applications for advanced polymer composite (AP@)anals. The review identified issues
related to service conditions which focused ongittblems associated with the adhesives used
for bonding the APC material to the structure amithe concerns regarding the durability of both
the APC and the bonding agent. In other work thengtthening material was attached directly to
the deteriorated members. Still, other methods haded members to the structural system in
order to strengthen steel trusses. The methodind p®st-tensioned tendons strung using
various profiles within a truss system is one #dds structural members to the system and to
date has experienced only nominal theoretical iny&tsons. Albrecht and Lewan (2008)

proposed using post-tensioned tendons that wergeotnc with members to strengthen a steel
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truss. By using standard truss analysis methagastpossible to determine both the geometric
design and the required post-tension levels fotriles system. Han and Park (2005) studied the
effects that straight and draped post-tensionediotes have on strengthening steel trusses. They
examined the effect that tendon profile, truss tyuest-tension force, and tendon eccentricity
have on the trusses load capacity and deflectieom FEheir work they determined that the load
capacity of a steel truss increases linearly withtytension level and tendon eccentricity.
Additionally they concluded that the trusses etastnge, working load and load capacity were
increased while the truss deflection was reducéld lwcreasing post-tension levels.

This paper presents an experimental study to exathanresponse of a scaled truss
bridge having various damage scenarios subjectagptst-tensioned externally draped CFRP
tendon. Experimental test data was validated usithgee-dimensional numerical model. Upon
verification of the experimental results by the rauital model, the numerical model was
extended to include a simple reliability analysi®rder to evaluate the performance of damaged
truss bridge when subject to strengthening usipgst-tensioned system.

4.3 RESEARCH SIGNIFICANCE

Traditional methods for strengthening bridges haeesed on repairing or replacing
damaged elements using the same materials asigiratly constructed bridge. In most cases
the need for strengthening was a result of eitleégrbration in the original material caused by
environmental factors or damage caused by vehgde To reduce the need for future
reconstruction due to environmental factors thdiegjoon of an alternative construction
material is required. The use of CFRP (carbon fiberforced polymer) tendons provides strong
resistance against environmental factors which teakgradation of the structure. In addition, a

suitable alternative to element level strengthemndesirable. With the addition of a post-
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tensioned tendon, which is draped outside of tigstprofile, the redundancy of the truss is
increased and through the post-tensioning methss glement forces are reduced. By
effectively increasing system redundancy and redpelement level stress the performance of
the system will increase providing a longer senliigewith decreased failure probability.
44 EXPERIMENTAL PROGRAM
4.4.1 Materials

A steel truss bridge was designed and fabricatdd2o scale. The bridge is
approximately 6.2 meters in length and fabricatedhfround and square tubes of grade A36
steel shown in Fig. 4.1(a). The bridge was desigrsaag a system of two main trusses
designated truss 1 and truss 2 as shown in Fio}4 A secondary frame was designed to

support the truss’s top chord and prevent latarekling, cross braces were utilized at both ends

UNSTRENGTHENED | STRENGTHENED
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r NI T
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Fig. 4.1 Schematic of truss systems: (a) Side view; (b) Vieps

of the trusses and at midspan, along with fourroolpiers at each corner of the bridge [Fig.

4.1(b)]. The steel used consisted of the followpngperties: elastic modulug) = 200 GPa,
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yield stressdy) = 290 MPa, and Poisson’s ratig € 0.3. The strengthening system utilized steel

\|/

Fig. 4.2 Damage simulation: (a) position of damage; (b)c8pen 2, damage location 1_2
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Fig. 4.3 Tension test for anchorage: (a) specimen dimengrest details
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tubing and plates of the same properties as tleat ios the bridge. High strength steel bolts and
extended length coupler nuts were used to tenB®ICERP rod, as shown in Fig. 3(a), non-
shrink mortar anchored the CFRP rod in the stdedgwand carbon fiber reinforced polymer rods
of tensile strengths{) = 2068 MPa, and elastic moduld§ € 124 GPa were the main
strengthening component [Fig. 3(b)].
4.4.2 Fabrication Of Test Truss

The experimental steel bridge was fabricated bylHanuse in the ASCE Student Steel
Bridge Competition. Fabrication was performed ugigsg, which consisted of steel plates and
bars, and drawings printed to scale for assistamtedimensioning and layout of the truss.
Truss connections were fabricated by use of a Gddé@puter numeric controlled) lathe and
mill. Several trials were required with the lathmamill to achieve an acceptable tolerance in the
connections. A tight tolerance was required to cedhe probability of having disengaged
connections while still allowing for assembly oéthridge while competing.
4.4.3 Design Of Anchorage

In order to tension the CFRP rod an anchor systasirequired. The anchorage system
employed a mortared steel tube which secured eatbfehe CFRP rod. The steel tubes were
secured to anchor blocks using threaded rod whashwelded to a backer plate on the end of
the steel tube and extended from the ends of thieaned steel tubes through the anchor blocks.
An extended length coupler nut was used to terntsielfCFRP rod against the anchor blocks
which were welded to the bottom of the truss onetkterior truss diagonals. This system
resulted in a relatively simple installation prac@sid allowed the CFRP to be tensioned from
both ends of the truss. In this scale model apjpdinahe anchor block was designed using 3/16”

plate from which a partially enclosed box was wdltigether. The threaded rod that was used
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to anchor the CFRP to the anchor block was a 31 &trength alloy rod.
4.4.4 Preparation For Anchorage System Testing

Tensile tests were performed in order to deterrtheenode of failure for the CFRP rod
bonded with non-shrink mortar in the steel tubee Tést specimens were prepared based on
reviewed literature and manufacturer specificatidiee test machine used for tensile testing was
a SATEC 22 EMF which has a load capacity of 100 khe specimen preparation procedure
consisted of cutting two 30.5 cm long tubes fro81@n outside diameter by 4.5 mm wall
thickness stock tube. The steel grade of the tideAB00 Gr. 50. The inside of the tubes were
roughened with a round file to remove undesiralelerid from the sidewalls and add grooves to
assist with adhesion between the mortar and steelinside of the tube was then wiped clean
with acetone to remove any remaining debris froetthbe. A square backer plate, 7.8 cm x 7.8
cm x 4.5 mm, was cut and polished on both of idedaces using a wire wheel in order to
remove corrosion and oil from the steel in preparator welding. Once clean, the plate was
welded to one end of the 30.5 cm long tube. Theesperimeter of the tube was welded to the
plate. A Miller 135 wire feed welder was used fdmaelding operations. Next, a 3.2 cm long
section of threaded rod was cut. The rod was 12/stdndard threads per inch (UNF, Class 1A)
as per requirement to attach the specimen to tisléetest machine used for this experiment.
The threaded rod was then aligned with the cerftrectube using a jig. Having an alignment
that was centered along the longitudinal axis efttlbe was necessary in order to achieve
alignment between both the upper and lower stéasin the testing machine. The threaded rod
was then welded to the backer plate. This procedaseused in order to ensure alignment
between the tube and threaded rod so that thentabkl rest perpendicular to the load cell and

base in the testing machine. Two specimens wepaped in this fashion for a total of four tubes
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with threaded rods welded to them. Of the four sylb&o were prepared so that bolts could be
threaded from the outside into the tube. To dq thisr holes were drilled in the tube at 90° to
one another about the longitudinal axis of the tdltee holes were drilled with a 4.5 mm bit at a
distance of 4.3 cm from the open end of the std®.tThen, a 6 mm nut was centered on the
hole and welded to the outside of the tube. Fomn®dia. bolts were then threaded into the nuts.
Next, a three foot section of Aslan 200 CFRP retms aligned with the center of the steel tube
using a jig. Then, a mix of Quickrete non-shrinkg@sion grout was prepared in accordance with
the manufactures recommendations for a mix withidfl consistency. This mix required 3 days
of curing to attain full strength per manufacturesommendation. Based on the dimensions of
the steel tube, a grout mix was chosen which ctetisf 350 g of mortar and 80 g of water per
tube. The mix was prepared on a small scale beaaig®ne pullout test could be performed at
a time, and only one of the two tubes for eachispet could be filled and cured at a time. For
the specimen with 4 shear bolts at each end, a ®incorar plate with a 4.5 mm hole in the
center was prepared to be inserted into the tutnendrthe CFRP rod. Once the tube was filled
with mortar the circular plate was slid down theREFrod and inserted into the steel tube. The
plate was pressed into the mortar until it wahatappropriate position to allow for the bolts to
be threaded into the tube. The bolts were threadedhe tube until they were approximately
1.5 mm from the CFRP rod. After the first tube @rhwas filled with mortar had cured for 7
days, the specimen was removed from the jig. Tinisaf the specimen was then threaded into
the top arm of the testing machine. The secondwasethen threaded into the bottom plate of
the testing machine and the upper arm of the gstiachine was lowered until the CFRP rod
was touching the backer plate on the inside ofdher steel tube. No compression force was

allowed to be exerted on the CFRP rod. The alignmethe CFRP rod within the lower steel
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tube was checked by measuring with a tape measw@m@sure that the rod was in the center of

the tube. The mortar mix was then prepared anceglacthe lower steel tube. For the specimen

Potentiometer

(©)
Fig. 4.4 Test details: (a) CFRP anchorage system; (b) tevaad CFRP rod; (c) loading and
instrumentation

with shear bolts at each end the same procedureseasfor the second tube as was used for the
first when inserting the circular plate into theedttube. The completed specimen is shown in
Fig. 4.4(a) and 4.4(b). At this point the entireamen had been inserted into the testing
machine and the alignment of the rod was verifiefbie allowing the mix to cure. This two part
process was required in order to align the CFRPwitldn the tube and to allow the mortar to
cure. This process was also necessary becaude¢iaeléd rod which was required to properly
fix the specimen to the machine needed to be welnléte specimen. This situation made it
impossible to thread the specimen into or out eftdsting machine once both ends of the CFRP
rod were bonded in the mortared tube.
4.4.5 Damage Scenario

In order to simulate damage scenarios, web elemasTs removed from the truss
system. In order to represent high levels of daniageiss bridges four adjacent web elements

were removed at each specified damage locationré&i.2(a) depicts the web element labeling
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convention for the damage scenarios that were tasgenerate 16 combinations of damage

locations. The 16 combinations of damage locatavedetailed in Tables 4.1, 4.2 and 4.3 where

Table4.1 Damage Index — 2kN

Damage index — 2 kN
Specimen Damage Scenario Truss 1 - Strengthened Truss 2 - Unstrengthened
ID g Exp' Model | Margir® | Exp- | Model | Margin’

(a) (b) (%) (a) (b) (%)

Control None N/A N/A N/A N/A N/A N/A
1 11 0.26 0.55 111% 0.23 -0.10 143%
2 12 -0.25 0.35 244% 0.15 0.00 103%
3 13 0.00 0.36 425790% 0.01 -0.01 157%
4 11&13 0.39 0.67 73% 0.09 0.01 91%
5 11&14 0.46 0.73 57% 0.12 0.01 88%
6 11&21 0.45 0.56 26% 0.63 0.62 0%
7 11&22 0.36 0.56 56% 0.52 0.49 6%
8 11&23 0.35 0.56 58% 0.55 0.49 12%
9 11&2 4 0.45 0.56 23% 0.66 0.62 6%
10 12&22 -0.09 0.36 481% 0.37 0.48 29%
11 12&23 0.21 0.36 67% 0.49 0.48 1%
12 11,21&23 0.56 0.56 0% 0.75 0.72 4%
13 11,21&24 0.54 0.57 6% 0.77 0.77 1%
14 12,21&23 0.20 0.36 84% 0.71 0.72 1%
15 1221&24 0.11 0.37 234% 0.78 0.76 2%
16 1321&23 0.20 0.36 83% 0.73 0.72 1%

a Specimen ID code was used to differentiate tinebomations of damage locations. Damage

locations were identified based on the truss thest damaged, either truss 1 or truss 2 and the

position of damage present [positions 1, 2, 3 gn&dveral examples of the identification code

follow; Specimen ID 2 calls out damage scenario Wwhizh denotes that damage is located in

truss 1 position 2 whereas Specimen ID 6 callglantage scenario 1_1 & 2_1 indicating that

damage is present in truss 1 position 1 and trysssRion 1.

4.4.6 Strengthening Scheme

An externally attached post-tensioning system vimsen to strengthen the steel truss by

increasing the redundancy of the system and reduwement forces when damage was present.
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The strengthening system utilized a singly harpE&E (carbon fiber reinforced polymer)

tendon attached to the bottom chord of the dam#ged. The tendon was anchored at each end

Table4.2 Damage Index — 4kN

Damage index — 4 kN
Specimen Damage Scenario Truss 1 - Strengthened Truss 2 - Unstrengthened
ID g Exp' Model | Margir® | Exp" Model | Margir?

(a) (b) (%) (a) (b) (%)

Control None N/A N/A N/A N/A N/A N/A
1 11 0.17 0.46 175% 0.21 -0.11 151%
2 12 -1.10 0.14 113% 0.10 -0.01 109%
3 13 -0.73 0.14 119% -0.02 -0.01 51%
4 11&13 0.03 0.60 1643%| 0.14 0.00 98%
5 11&1 4 0.242 0.68 183% 0.18 0.01 95%
6 11&21 0.274 0.47 71% 0.63 0.62 0%
7 11&22 0.050 0.46 830% 0.48 0.48 1%
8 11&23 0.050 0.46 829% 0.54 0.48 10%
9 11&2 4 0.283 0.47 66% 0.67 0.622 7%
10 12822 -0.759 0.14 119% 0.38 0.482 28%
11 12&23 -0.152 0.14 193% 0.51 0.482 5%
12 11,21&23 0.469 0.47 1% 0.74 0.718 3%
13 11,21&24 0.488 0.48 2% 0.77 0.765 1%
14 12,21&23 -0.333 0.16 147% 0.72 0.71y 0%
15 1221&24 -1.036 0.17 116% 0.78 0.764 2%
16 1321&23 -0.098 0.16 261% 0.72 0.71y 0%

of the bottom chord of the truss [Fig. 4.3(a) ihsatthreaded rod was used to tension the CFRP
rod against the anchor blocks at each end of titerbaf the truss. A steel deviator at mid-span
[Fig. 4.3(b)] was used to harp the tendon to trerdd eccentricity and direct an upward load
onto the trusses bottom chord. When the tendonevessoned it induced an uplift force at mid-
span of the truss which counteracted the forcéisanruss elements from the applied live load
on top of the bridge. By adjusting either the Iéngt the deviator or the level of post-tension it
was possible to control the amount of vertical éoapplied to the truss and optimize the

strengthening system based on the live load reapginés and geometric design constraints.
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45 TEST SETUP AND INSTRUMENTATION

Experimental testing of the steel truss bridgea#td a manually operated hydraulic

actuator. The load was typically applied to 25%hef theoretical load capacity of the control

Table 4.3 Damage Index — 6kN

Damage index — 6 kN

Specimen Damage Scenario Truss 1 - Strengthened Truss 2 - Unstrengthened
ID g Exp' Model | Margir® | Exp" Model | Margir?
() (b) (%) (a) (b) (%)
Control None N/A N/A N/A N/A N/A N/A
1 11 -0.29 0.31 205% 0.24 -0.11 147%
2 12 -6.86 -0.31 95% 0.17 -0.01 108%
3 13 14.45 -0.31 102% -0.04 -0.01 61%
4 11&13 -0.86 0.48 156% 0.16 0.00 102%
5 11&1 4 -0.30 0.62 306% 0.20 0.00 99%
6 11&21 -0.19 0.32 272% 0.64 0.62 2%
7 11&22 -0.77 0.31 141% 0.46 0.48 5%
8 11&23 -0.81 0.31 139% 0.53 0.48 10%
9 11&24 -0.11 0.32 381% 0.67 0.620 7%
10 12822 -10.90 -0.30 97% 0.40 0.481 21%
11 12&2 3 -2.46 -0.31 88% 0.53 0.481 9%
12 11,21&23 0.34 0.33 4% 0.77 0.717 7%
13 11,21&24 0.34 0.34 2% 0.77 0.764 1%
14 12,21&23 -4.73 -0.27 94% 0.72 0.716 1%
15 1221&24 6.97 -0.25 104% 0.80 0.7638 5%
16 13,21&23 -1.11 -0.27 76% 0.72 0.71y 0%

! Average value of measured test data

2 margin (%) = absolute value of (a-b)*400

truss, which was dependent on the level of damBgs.load level equates to a typical service

load of 4.5 kN. In order to transfer load from thalraulic actuator to the two trusses a steel

channel was centered on the middle of a steel grighedimensions, 2.5 cm thick by 91.5 cm

square, located at the trusses midspan. Trusscteflevas monitored and electronically

recorded at midspan of each truss by way of lipeéentiometers [Fig. 4.3(c)]. Individual

member strain was recorded for selected membeusihy flexible foil strain gages. The

response of the structural truss system for damagddtrengthened scenarios was attained by
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electronically recording response data by way d@ta acquisition system.
46 FINITE ELEMENT MODELING

A three dimensional model of the steel truss bridge generated using RISA 3-D
structural analysis software. The model used fahesis included two simple span trusses, one
crossbrace at each end of the trusses and onelspamni of the trusses, a three dimensional frame

attached to the top chord of each truss, and fantilevered column piers as depicted in Fig. 4.5.

(a) (b)
Fig. 4.5 Developed FE model: (a) control; (b) CFRP streagéu (Scenario 1, damage location
11)

The truss element properties were selected bas#dteanaterial available from Central Steel &
Wire as of 2010 and they were entered into the mnahiatabase of RISA 3-D then applied to
appropriate members. The control bridge was contgpos250 nodes and 404 line elements.
Appropriate truss members were removed from theahniadaccordance with the damage
simulation requirements. Removal of web elementsisted of only the lower portion of the
truss web below the secondary frame. All truss el@siwere assumed to have a rigidly fixed
connection to one another. The truss was restrdigdxabundary conditions at the base of each
pier. The columns were assumed to support reaciotine X, Y, and Z directions but were

allowed to rotate at the base because bending nmos@ennot restrained by the experimental
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model. For the purpose of analyzing truss deflectiod member strains, special considerations
were made for the application of loads imposediegyptost-tensioning method. Since RISA 3-D
does not allow for consideration of initial stramthe CFRP elements a method to simulate the
load effects that the post-tensioning system imgasethe truss was required.
4.6.1 M odeling Post-Tensioning Effects

In order to model the effects from the post-tensigrsystem equivalent forces were
applied to the locations where force was transfefrem the post-tension system to the truss
system. This approach was used for the static sisalhe equivalent forces from post-
tensioning were simplified so that a vertical comgat of force was applied from the deviator at
midspan of the truss and the horizontal compongfaroe was applied at the anchor blocks to
the bottom chord of the truss. Since the verticahponent of force at the anchor blocks was
negligible it was ignored in order to simplify theodeling process. These forces were applied to
the node at the midspan of the bottom chord andddes at the outside ends of the bottom
chord for consideration of truss deflection and rhenstrain. For the purpose of dynamic
analysis the CFRP tendon was included in the nwalemodel. For this case the same
equivalent forces used for modeling deflection simdin were applied to the same locations
except the vertical force at midspan was applietthégooint of attachment between the CFRP
and the deviator as opposed to the bottom trussicho
47 TEST RESULTSAND ANALYSIS
4.7.1 Anchor Test

In order to verify the tensile strength of the am@ge system a tensile test of each
specimen was performed. A displacement rate of Imamute was used with measurements

automatically recorded at a rate of 10 per secAncautomatic shut off load of 75 kN was
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specified for the machine. During the loading pescor the first test specimen, “mortar only”
specimen, minor slipping between the steel tubenamidar interface occurred several times at
regular intervals but each time the slipping wasiadiately recovered. A slip was identified by
a decrease in load accompanied by a proportiotalhe displacement relative to the previous
displacement. At 10.7 kN the single largest slipuged resulting in 0.033 mm of displacement
before permanent failure occurred at 11.1 kN. Ag goint the load rapidly decreased as there
was bond failure between the steel tube and théamdrhe accumulated slip prior to failure was
0.274 mm. The bond failure resulted in a decreé$ead capacity to approximately 9.6 kN or a
decrease of 13.5% while maintaining the displacemaga of 1 mm/minute. Once bond failure
was achieved, the ultimate load capacity of the EBRchorage system was observed to slowly

decrease with time as shown in Fig. 4.6. A secestiwas conducted on the CFRP anchor with

80 4 2500 -
Manufacturer Manufacturer
- - 3 ‘/—
60 b —mm e e oo AZOOO S
= e | & el /
= With bolts e ! = 1500 1 Lo
T 40 1 ol : @» i .
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S » ! 2 1000 A 7
20 - " Without bolts | @ 2
L ! 500 - ) ,z’ewnhout bolt
, \ )
0 T T I 1 0 T T T 1
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(@) (b)

Fig. 4.6 Response of tested anchor systems: (a) load-desplent; (b) stress-strain of CFRP
modifications to the anchorage system. The modiboautilized a steel plate to cover the mortar

with the plate held in place using 4 bolts in sh&&e second anchorage test specimen was
prepared in the same fashion as the first testasepreviously outlined in ttigpecimen
Preparation ProcedureThe plate and shear bolts were used to prevenhtrtar from slipping

and eventually pulling out of the steel tube undémate load. Using this method, the
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experimental results provided reasonable agreemémthe manufacturers maximum load
specification [Fig. 4.6(a)]. The stiffness of thgerimental results was slightly less than the
manufacturer’s specifications [Fig. 4.6(b)]. Theef is attributed to the bond slip which occurs at
both the CFRP/mortar interface and the mortar/$tée interface. The"2anchor test specimen
experienced minor slipping prior to failure whiatcamulated to 0.103 mm of additional
displacement. For thé"%anchor test failure occurred suddenly at 64.0\hich was in excess
of the manufacturers failure specification of 6BN8 The accumulated slip for test 2 represented
37.6% of the slip observed during test 1 whiledtignate load of test 2 was found to be 576.6%
of that during test 1. The results of the secorthantest provided sufficient evidence to
indicate that the™ anchorage system would mobilize the load capaeiiyired to fail the
CFRP rod. This result allows the designer of thetfensioning system to perform their design
with the ultimate capacity of the CFRP as the lingtdesign consideration for failure.
4.7.2 Static Behavior

Experimental and numerical analysis were used &uate the static performance of the
steel truss bridge. Using the method describedarptevious sectiogtrengthening Scheme,
static analysis examined the behavior of the bigldeflection and member’s strains at three
different levels of post-tension load. Comparisaese made between the behavior of the un-
strengthened control bridge and the strengthenethded bridge for the experimental and
numerical model results. An evaluation of the meddility to predict the behavior of the steel
bridge was performed to determine the usefulnesiseomodel for simulating probable damage
conditions and the subsequent response of theeoridg
4.7.2.1 Deflection response

Experimental tests were conducted 5 times in sempignorder to verify that the bridges
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response was unchanged during subsequent appticattbremoval of load. Figure 4.7(a) shows
the experimental deflection results for SpecimewHich was typical for most damage scenarios

with the applied post-tension loads. These resudlisate that consistent deformation was

Model
N

Load (kN)

r T o T 1

-10 -5 0 5 10
Displacement (mm)

Fig. 4.7 Comparison between model and test for truss lamh&ye scenario 1_1 at a post-
tensioning force of 2 kN

experienced during experimental testing duringoagiload applications. From a comparison of
the experimental results to the numerical modeV&oious levels of post-tensioning it is
observed in Figure 4.8(a) and 4.8(c) that witheasing post-tension levels the deflection curve
shifts to the left compared to the un-strengthdméthe deflection curves which results in a
decreased ultimate deflection with increasing Ieedlpost-tension. From a comparison of the
experimental stiffness to the theoretical stiffniésgas identified that the experimental stiffness
of the strengthened bridge is slightly less thamatthe model predicted. Additionally, the
experimental deflection curve experienced more @rtitan what the model predicted. This
result was to be expected due to the differenstifimess of the truss system from the
experimental to the numerical model. With appli@atof the post tension load an increased
magnitude of camber is to be expected with the xy@atal results when compared to the
numerical model. These results show that the tleflection can be effectively controlled by the
level of applied post-tension; however the stiffietthe bridge will be relatively unchanged
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with increasing levels of post-tension.
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Fig. 4.8 Effect of post-tensioning for Specimen 2 (damaggnario 1_2): (a) Experimental load-
deflection Truss 1; (b) Experimental load-strainds 1 member 3; (c) Model load-deflection
Truss 1; (d) Model load-strain Truss 1 member 3
4.7.2.2 Strain response

When damage is present in truss bridges the disitoib of load between members
changes as the stiffness of the system is alt&gdxamining member strain it is possible to
determine the presence of damage within the sydtdmen damage is present the distribution of

applied load amongst members is altered which satiigeundamaged members to take on

additional load and therefore their level of stri@micreases. The experimental and numerical
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strain results of member C3 for Specimen 2 arevahin Fig. 4.8(b) and Fig. 4.8(c) for post-
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Fig. 4.9 Experimental strain results of 5 subsequent pstibned load tests for Specimen 2
(damage scenario 1_2): (a) 2 kN post-tensioning4 N post-tensioning; (c) 6 kN post-
tensioning

tensioning levels of 2 kN, 4 kN and 6 kN. Figur8(B) compares the experimental strain results
of member C3 to the damaged and control resultse Hés found that the stiffness of the

member when damaged is slightly decreased whena@upo the control bridge indicating that
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additional load is being transferred to it in thegence of local damage. By comparing the
results for the post-tensioned bridge to the damhagedition reveals that comparable member
stiffness are experienced. However, since the atrafistrain experienced by the member is
controlled by the level of applied post-tension rhemstrains can be adjusted by designing the
required level of post-tension. By applying a higpest-tension load the member strain is
decreased. Comparing the results of Figure 4.8(B)gure 4.8(c), which presents the numerical
models results, similar trends are observed for begratrain. When comparing the strain results
of the damage to control scenarios using the nualemodel, only a small change in strain
occurs and when post-tensioning is introduced theumt of compressive strain in the member
is proportionally reduced for a linearly increaslagel of post-tensioned load. In comparison to
the numerical models results the experimental teshiow the change in strain with post-tension
load clusters a bit more than what is theoreticadgected. The results from Fig. 4.9 depict the
strain response of 5 separate load tests for datie @pecified post-tension levels. These results
indicate that each of the 5 load tests for eacl-fgosion level achieved very similar strain
results indicating that load redistribution occdromnsistently throughout the truss system with
the application of multiple loads. The results shbat the member stiffness is comparable for
each scenario between the experimental and nurheggats along with the trend of decreasing
strain levels which correspond to increasing pession loads.
4.7.3 For ce Redistribution

The redistribution of member forces in a trusseaysis a strong indicator of changes to
the strength of the structural system. In full sagbplications, changes to force distribution can
be monitored with simple instruments such as sgages which provide readings that are easily

converted to member force. With the aid of compsiewlations a numerical model can be used
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Fig. 4.10 Variation of top and bottom chord forces for trassf damaged scenario 1_1: (a)
member locations; (b) top chord forces; (c) bottdrard forces

to predict the redistribution of member forcesdal possible damage scenario. This can be a

useful tool to understand the impact that local mentdegradation has on other truss members.
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In this work a numerical model was used to anatiigechanges to force distribution when
specific members are removed from the system.4-id)(a) identifies the location of strain
measurements on the top and bottom chord of tiss.tkig. 4.10(b) and 4.10(c) summarize the
change in strain at these locations when compaongyol, damaged, and the three levels of
post-tensioning for damage scenario 1_1. Hereabserved that the presence of local damage to
web elements results in increased force distrilnuibothe top and bottom chord members except

Table 4.4 Strain distribution, top chord, damage scenarib 1

Top chord Contro| Damaged 2 kN 4 kN 6 kN
Member location F(kN) | F(kN)| A" |F(kN)| A" |FkN)| A |FEkN)| A
TC 3 211 | -0.45| 122% -0.43 121% -0.41 119% -0,37 118%
TC 4 3.69 | 2.20| 40%| 1.700 54% 149 60% 1.27 66%
TC 5 6.96 | 9.23| -33% 7.54 -89 6.65 4% 574 11%
TC 6 843 | 8.76| -4%| 7.15/ 15% 626 26% 533  37%
TC 7 547 | 5.89| -8%| 474/ 13% 417 24% 3.59  34%
TC 8 1.86 | 2.02| -9%| 157 16% 137 26% 116 37%

*Difference between the control and damaged/sthergtd scenario for the numerical model.

Table 4.5 Strain distribution, bottom chord, damage scenarib

Bottom chord | Contro] Damaged 2 kN 4 kKN 6 kN

Member location F(kN) | F(kN)| A" |[F(kN)| A" |F&N)| A" |EkN)| A
BC 1 2.02 | -247| -229% -197 3% -1.756 14% -1.52 25%
BC 2 -2.08 | -2.33| -129%4 -1.84 12% -1.68 22% -1.41 32%
BC 3 299 | -5.05| -69% -2.08 31% 039 113% 287 196%
BC 4 299 | -5.05| -69% -2.08 31% 0.39 113% 2.87 196%
BC 5 -6.29 | -5.05| 20% -2.08 67% 0.39 106% 2.87 146%
BC 6 9.00 | -955| -6%| -5.87 35% -293 67% 0.04 100%
BC 7 -6.29 | -6.83| -9%| -3.52 44% -0.87 86% 1.80 129%
BC 8 299 | -3.30| -119% -0.62 79% 1.68 156% 3.99 233%
BC 9 -2.03 | -2.24| -11% -1.77 13% -1.58 22% -1.B8 32%
BC 10 -2.08 | -2.30/ -10% -1.81 13% -1.60 23% -1.839 34%

*Difference between the control and damaged/stresrgtd scenario for the numerical model.

in the section of bottom chord immediately adjaderthe location of the damage on the side of
the damage location that is closer to midspanetrilss, member location BC5 Fig. 4.10(c).
Whereas member force is found to decrease in tti@seof the top chord between the existing
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undamaged web members in Fig. 4.10(b) location MZiden the externally draped post-
tensioning system is applied the forces in bothdipeand bottom chords are significantly
reduced at all locations and especially at locaBQ®8 farthest away from the damage location.
For damage scenario 1_1 the magnitude of chanfpede compared to the control scenario for
location BC8 at 2 kN of post-tensioning is 79%, 4dktN of post-tensioning it is 156% and for 6
kN of post-tensioning it is 233%. This location ekpnces the greatest change in member force
compared to the control scenario. Additional chartganember force in the top and bottom
chords are shown in Tables 4.4 and 4.5. Figura)idéntifies the location of force
measurements for the tension and compression watbars. Fig. 4.11(b) and 4.11(c)
summarize the changes in force to these locatietwsden control, damaged, and three levels of
post-tensioning in the presence of damage scehafioFor the compression webs a zone of
influence is found to be greatest in the web mesbemediately adjacent to the location of
damage. Figures 4.11(b) and 4.11(c) show how faexdistribute when damage scenario 1_1
occurs. In this case compression members C1 arah@7ension member T6 are greatly
influenced by the removal of adjacent web memkeash of these web members experiences an
increase of force of around 100% or more comparedde member forces of the control truss.
When the strengthening system is employed the mefates in both compression and tension
members are significantly reduced. Tension membewHich experienced an increase in force
of 98% in the presence of damage over the contesiaio saw that increase drop to a 67%
increase with 2 kN of post-tensioning, a 49% insesaith 4 kN of post-tensioning and a 29%
increase with 6 KN of post-tensioning. Although ihigal force level was not recovered a
significant portion of the force increase was rewed even with this extreme damage scenario.

Similar results were recorded for other members. Bables 4.6 and 4.7 for additional
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Table 4.6 Strain distribution, compression webs, damageaoei 1.

Webs-Comp. Contrd| Damaged 2 kN 4 kN 6 kN
Member location F (kN) | F(kN)| Delta | F(kN)| A" |F(kN)| A" |FE((kN)| A
C 1 1.60 | 3.78| -136% 3.11 | -94%| 2.77| -73% 2.41 | -51%
C 3 1.35 - - - - - - - -
C 5 1.33 : . - - s - - -
Cc 7 1.42 | 2.94| -107% 2.46 | -73%| 2.14| -51% 1.82 | -29%
C 9 081 | 0.62| 23% 064 21% 066 18% 0.69 15%
C 10 081 | 0.80| 2%| 080 2% 08l 1% 082 0%
C 12 142 | 1.46| -3%| 1.25| 12% 1.09 24% 092 35%
C 14 134 | 1.41| -6%| 1.19| 11% 105 22% 090 32%
C 16 136 | 1.47| -8%| 120 12% 105 23% 090 34%
C 18 1.60 | 1.78| -119% 1.44| 10% 128 20% 1.12 30%

*Difference between the control and damaged/strestgtd scenario for the numerical model.

Table 4.7 Strain distribution, tension webs, damage scerfario

Web-Tens. Control Damaged 2 kN 4 kN 6 kN
Member location F(kN) | F(kN)| A" | F(kN)| A" |F(kN)| A" |E((kN)| A
T 2 -1.35 - - - - - - - -
T 4 -1.34 - - - - - - - -

T 6 -1.40 | -2.77| -98% -2.34 -67% -2.08 -49% -1.81 -29%

T 8 -0.82 | -0.78] 4%| -0.60] 27% -048 47% -027 671%

T 11 -0.82 | -0.81] 1%| -0.63 23% -0.47 42% -0.B1 62%

T 13 -1.40 | -1.45| -4%| -1.25 11% -1.11 21% -0.96 31%

T 15 -1.34 | -1.43] -7%| -1.18 12% -1.04 22% -0.89 34%

T 17 -1.34 | -1.47| -10% -1.19 12% -1.04 23% -0.89 34%

*Difference between the control and damaged/stresrgtd scenario for the numerical model.

information on the changes to web member forceddonage scenario 1_1. The distribution of

force among truss members is a critical designrpater to consider as it dictates the required

size, shape and orientation of the members inrttss system. Therefore when considering a

retrofit for the purpose of strengthening a damagess system, a careful consideration of the

redistribution of member forces should be perforrsedhat existing truss members do not

exceed their capacity.

4.7.4 System Redundancy

Truss performance and safety are primary concehemnwvaluating the condition of
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existing truss bridges. The redundancy of a trystem is an excellent measure to indicate the
integrity of the structural system. Frangopol anal&y (1987) identified several definitions of
redundancy. The reserve redundant factgrwRs defined as;

Linmm‘:

,= ntedt _ g (4.1)

R
L design

for which Linwact Is the design failure load of the intact bridgesignis the design load for the
bridge and. is a multiplier for the load that causes collapsthe intact bridge when compared
to the design load. The residual redundant fa&gryas defined as
R, = Ldemaged (4.2)
Lintact

for which LqamagedS the load capacity of the damaged bridge. Thength redundant factor 4R

was defined as

L; A

Re= Li’nrﬂcri!;'ﬂ:;mﬂgﬂd T 1-a (4.3)
for which,a, is a multiplier that corresponds to the collalosel for the damaged bridge. In
order to apply this method to the numerical modgprocedure used for this work several
adaptations were performed. In this warkis defined as

a={1-45) (4.4)
Also, this work replaced the terny Rith a term referred to as the damage in@lexvhich was
introduced to quantify the level of damage pre$ené specific damage scenario and could be
experimentally calculated for the scale model k#idthis parameter was intended to determine

the degree of strength reduction that occurs whegrtacular damage scenario is present. This

term serves the same purpose as tterf used by Frangopol and Curley (1987).

E _ TLdﬂmﬂgad.f'fadﬂmagad (45)
k B TLconrro!.f 6:5?2:?"9!

The termsT Lyamaged@Nd T Leontrol refer to the test load of the control bridge ameltest load of

the damaged bridge which were each taken to beNHBr the numerical model. The terms,
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ddamaged@Nddcontrol rEfer to the deflection of the damaged bridge thedntact bridge where the
damaged bridge deflection varied with each damageagio and the control bridge deflection
was numerically predicted to be 3.83 mm. For thaslkuthe intact failure load,intact, Was
determined to be 18.68 kN and the design lbagdig, was chosen to be 11.12 kN. Tables 8, 9
and 10 summarize the redundancy results for pasieae loads of 2 kN, 4 kN and 6 kN. Using
this method when the system has no reserve strgRgth equal to 1 and when the system’s

reserve strength is not influenced by damages hfinite. When using this method, a negative

10 1

Redundancy factor, R4

o0 ® *®

0 0.2 0.4 0.6 0.8 1
Normalized collapse load factor, o
Fig. 4.12 Redundancy factor shown for various collapse |l@atoirs shown in Tables 4.11- 4.13

value for the damage ind@xresulted in the strength redundant factaryielding an infinite
value and was represented in the tables as a galL@000. Tables 8, 9 and 10 summarize the
redundancy factors. Figure 12 shows a plot of ttength redundant factor with the collapse
load factora. Here we see that with increasing post tensioel$efor a given damage scenario,
R, increases. The increase in the strength reduridetior is dependent upon the degree of

damage present. For one of the most severe darnagar®s, for example Specimen ID 4, the
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presence of damage in truss 1 is so severe thah#drge in the strength redundant factor is
minimal when post-tensioning is increased from 8 td\N. Whereas for a less severe damage
location such as Specimen ID 2, the strength realueyis recovered to an acceptable level
between post-tensioning loads of 4 and 6 kN. Thesalts were typical for other damage
scenarios and indicate that for less severe daswagerios this method of strengthening could
prove beneficial.

Table 4.8 Summary of redundancy factor for 2kN of post-tensig

Specimen ID | Damage Scenario Truss 1 Truss 2

Control None B a R4 B o R4

1 11 0.55 0.45 1.80 -0.10 1.10 10000
2 12 0.35 0.65 2.82 0.00 1.00 10000
3 13 0.36 0.64 2.81 -0.01 1.01 10000
4 11&1 3 0.67 0.33 1.50 0.01 0.99 124.55
5 11&1 4 0.73 0.27 1.37 0.01 0.99 67.03
6 11&21 0.56 0.44 1.78 0.62 0.38 1.60

7 11&22 0.56 0.44 1.80 0.49 0.51 2.05
8 11&2 3 0.56 0.44 1.80 0.49 0.51 2.06

9 11&2 4 0.56 0.44 1.79 0.62 0.38 1.60
10 12&22 0.36 0.64 2.80 0.48 0.52 2.07
11 12&2 3 0.36 0.64 2.81 0.48 0.52 2.07
12 11,21&2 3 |0.56 0.44 1.78 0.72 0.28 1.39
13 11,2 1&2 4 |0.57 0.43 1.77 0.77 0.23 1.31
14 12,21&2 3 |0.36 0.64 2.74 0.72 0.28 1.39
15 1221&2 4 |037 0.63 2.71 0.76 0.24 1.31
16 13,21&2 3 |0.36 0.64 2.74 0.72 0.28 1.39

4.7.5 Dynamic Behavior

In accordance with Zein and Gassman (2010) usimgnzerical model to perform a

dynamic analysis is a reasonable procedure if theeirhas been previously validated using a

static analysis first. Based on the assumptionttie@previousStatic Behaviordiscussion was

valid the following presents the results of a dyr@amalysis which assumed the same loading

conditions. Here the CFRP was included in the miaysnodel in order to account for its
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interaction with the existing truss members undgrathic conditions.

Table 4.9 Summary of redundancy factor for 4kN of post-tensig

Specimen ID | Damage Scenario Truss 1 Truss 2

Control None B a R4 B a R4

1 11 0.46 0.54 2.18 -0.11 1.11 10000
2 12 0.14 0.86 7.18 -0.01 1.01 10000
3 13 0.14 0.86 7.11 -0.01 1.01 10000
4 11&13 0.60 0.40 1.67 0.00 1.00 426.56
5 11&14 0.68 0.32 1.46 0.01 0.99 117.06
6 11&21 0.47 0.53 2.13 0.62 0.38 1.61

7 11822 0.46 0.54 2.16 0.48 0.52 2.06

8 11&23 0.46 0.54 2.16 0.48 0.52 2.06

9 11&24 0.47 0.53 2.14 0.622 |0.38 1.61
10 12&22 0.14 0.86 6.91 0.482 |0.52 2.07
11 12&23 0.14 0.86 7.03 0.482 |0.52 2.07
12 11,21&2 3 047 0.53 2.12 0.718 |0.28 1.39
13 11,21&2 4 |0.48 0.52 2.10 0.765 |0.24 1.31
14 1221&2 3 |0.16 0.84 6.38 0.717 ]0.28 1.39
15 12,21&24 017 0.83 6.03 0.764 |0.24 1.31
16 13,21&23 |0.16 0.84 6.32 0.717 ]0.28 1.39

4.7.5.1 Mode shape

RISA 3-D was used to perform a dynamic analysighefcontrol, damaged and

subsequently strengthened bridge conditions. Mbdpes were generated for the control, the

damaged, and the three levels of post-tensioniaigwtkre used to strengthen the bridge. Fig.

4.13 compares the first four modes of the contriglge to the equivalent modes of the damaged

and strengthened bridge for specimen 1. This figlusgtrates that equivalent mode shapes will

change mode number when the stiffness of the system is altered and the load paths are

changed. The mode shape of lower modes such a$ 2 \&ere relatively unchanged by the

presence of either damage or strengthening, howeweigher order modes such as modes 3

and 4 greater differences were observed in the rebdpe of equivalent modes. Fig. 4.13 shows

that mode 1 represents lateral sway and mode 2gepis a longitudinal shift which is
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Table 4.10 Summary of redundancy factor for 6kN of post-tensig

Specimen ID | Damage Scenafidruss 1 Truss 2

Control None B a R4 B o R4

1 11 0.31 0.69 3.25 -0.11 1.11 10000
2 12 -0.31 1.31 10000 |-0.01 1.01 10000
3 13 -0.31 1.31 10000 | -0.01 1.01 10000
4 11&13 0.48 0.52 2.08 0.00 1.00 10000
5 11&1 4 0.62 0.38 1.62 0.00 1.00 548.14
6 11&21 0.32 0.68 3.10 0.62 0.38 1.61

7 11&22 0.31 0.69 3.18 0.48 0.52 2.07

8 11&23 0.31 0.69 3.19 0.48 0.52 2.07

9 11&24 0.32 0.68 3.11 0.620 |0.38 1.61
10 12822 -0.30 1.30 10000 | 0.481 |0.52 2.08
11 12&23 -0.31 1.31 10000 | 0.481 |0.52 2.08
12 11,2 1&2 3|0.33 0.67 3.05 0.717 |0.28 1.39
13 11,21&2 4034 0.66 2.98 0.764 |0.24 1.31
14 1221&2 3|-0.27 1.27 10000 | 0.716 |0.28 1.40
15 12,21&2 41]-0.25 1.25 10000 | 0.763 | 0.24 1.31
16 13,21&2 3/|-0.27 1.27 10000 | 0.717 |0.28 1.40

*Note: A redundancy factor R451b6f 10000 signifies that the damage deflection lgas than
the control bridge.

independent of the bridge condition. At modes 3 4uadi the control truss, which correspond to
twist about the center of the bridge and cambéh@truss, changes were observed to the mode
number for the equivalent mode shape. These chatdegher order modes are a result of the
changed stiffness of the system and the forceilolisibn amongst truss elements when the post-
tensioning system is applied. The sensitivity @ binidge to changes is confirmed by the

frequency changes as discussed in the next section.

Mode 1
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Fig. 4.13 Comparison of mode shapes: (a) control; (b) dash@&§pecimen 1); (c) 2 kN
strengthened (Specimen 1); (d) 4 kN strengthenpddigen 1); (e) 6 kN strengthened
(Specimen 1)
4.7.5.2 Frequency

The detection of damage by changes to the bridgpiéncy has potential to be a useful

tool as frequency can be measured quickly anchipcavide reliable results. The use of

Table 4.11 Frequency of Trusses - 2kN

. Mode and frequency
Specimen 1 2 3 4
b Hz A? Hz A? Hz A? Hz A?
Control 0.94 - 1.41 - 5.28 - 8.17 -
1 0.95 -1.2% 1.47 -4.5% 5.3 -0.39 5.78 29.2%
2 0.95 -1.2% 1.47 -4.5% 5.57 -5.69 5.9 27.8%
3 0.95 -1.2% 1.47 -4.5% 5.27 0.29 5.78 29.3%
4 0.95 -0.9% 1.47 -4.5% 4.6 13.0¢9 5.6 31.4%
= 5 0.95 -0.9% 1.47 -4.5% 4.3 18.69 5.7Y 29.3%
i 6 0.92 1.7% 1.44 -1.8% 5.15 2.59 5.3 35.1%
; 7 0.92 1.7% 1.44 -1.8% 5.17 2.29 5.49 32.8%
L 8 0.92 1.7% 1.44 -1.8% 5.2 1.69 5.4% 33.2%
E 9 0.92 1.7% 1.44 -1.8% 5.16 2.39 5.29 35.2%
g 10 0.92 1.7% 1.44 -1.8% 5.23 1.09 5.6f 30.6%
5 11 0.92 1.7% 1.44 -1.8% 5.27 0.19 5.6 31.5%
12 0.92 2.0% 1.43 -1.7% 4.53 14.21 5.2P 36.1%
13 0.92 1.9% 1.43 -1.7% 4.24 19.79 5.2P 36.1%
14 0.92 2.0% 1.43 -1.7% 4.53 14.3f 5.2 35.5%
15 0.92 2.0% 1.43 -1.7% 4.24 19.71 5.45 33.3%
16 0.92 2.0% 1.43 -1.7% 4.53 14.39 5.28 35.4%

frequency as a method for damage detection issoneble method because of the principles
that govern the frequency of a structure. The timatfrequencyf] relates directly to the

stiffness of the systenkd) and inversely to the mass of the system (

f :277\/E
m

(4.6)
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Table 4.12 Frequency of Trusses - 4kN

Mode and frequency
Specimen 1 2 3 4
- Hz A? Hz A? Hz A? Hz A?
Control 0.94 - 1.41 - 5.28 - 8.17 -

1 0.93 1.4% 1.44 -1.9% 4.83 8.5% 5.67 30.7%

2 0.93 1.5% 1.44 -1.9% 4.75 10.0% 5.58 31.7%

3 0.93 1.4% 1.44 -1.9% 4.79 9.4% 5.66 30.7%

4 0.92 1.7% 1.44 -1.8% 4.2 20.5% 514 37.1%
> 5 0.92 1.7% 1.44 -1.8% 4.01 24.1% 5.66 30.7%
fr 6 0.88 6.3% 1.37 3.0% 455 13.8% 5.0b 38.2%
_-: 7 0.88 6.3% 1.37 3.0% 4.49 14.9% 5.01 38.6%
L 8 0.88 6.3% 1.37 3.0% 4,53 14.2% 4.98 39.1%
E 9 0.88 6.3% 1.37 3.0% 4.56 13.7% 5.04 38.4%
g 10 0.88 6.4% 1.37 3.0% 452 14.5% 4.8p 41.0%
5 11 0.88 6.3% 1.37 3.0% 4.61 12.8% 4.6p 43.0%

12 0.88 6.5% 1.37 3.0% 4.1 22.4% 4.79 41.4%

13 0.88 6.5% 1.37 3.0% 3.91 25.9% 4.8 41.1%

14 0.88 6.6% 1.37 3.0% 4.09 22.5% 4.5p 43.8%

15 0.88 6.5% 1.37 3.0% 3.9 26.2% 4.85 40.6%

16 0.88 6.6% 1.37 3.0% 4.08 22.8% 4.9 41.2%

*Note: The table depicts frequencies of damagesarmhgthened scenarios which correlate with
the control bridge’s first four modes.

The results of this work indicate that the stiffne$ a strengthened truss bridge is unaffected by
the application of the proposed strengthening sehdihis results in relatively unchanged
frequencies for the strengthened scenarios whempared to the damaged scenarios. The results,
shown in Tables 4.11-4.13, identify that the fragmeof a strengthened truss decreases
indicating that the stiffness of the truss is restliwith increasing levels of post-tension. These
results are graphically depicted with Fig. 4.13s&#hon the static results, cumulative deflection
increases at higher post-tension levels. Thisidegn by the difference between camber and
deflection under applied load. This increased catimvg deflection indicates a decrease in truss

stiffness. These results indicate that measurieguency to detect the recovery of system
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Table 4.13 Frequency of Trusses - 6kN

Mode and frequency
Specimen 1 2 3 4
- Hz A? Hz A? Hz A? Hz A?
Control 0.94 - 1.41 - 5.28 - 8.17 -

1 0.9 3.9% 1.4 0.6% 4.35 17.6% 5.4 34.0%

2 0.9 3.9% 1.4 0.6% 4.07 23.0% 5.46 33.2%

3 0.9 3.9% 1.4 0.6% 4.3 18.5% 5.41 33.8%

4 0.9 4.3% 1.4 0.7% 3.78 28.4% 4.6% 43.1%
> 5 0.9 4.1% 1.4 0.7% 3.74 29.1% 5.06 38.1%
g 6 0.84 10.4% 1.31 7.2% 411 22.1% 4.5p 44.7%
_-;-' 7 0.84 10.4% 1.31 7.2% 3.93 25.6% 4.34 46.9%
L 8 0.84 10.4% 1.31 7.2% 3.96 25.1% 4.33 47.0%
E 9 0.84 10.4% 1.31 7.2% 411 22.1% 4.5p 44.7%
g 10 0.84 10.5% 1.31 7.2% 3.97 24.8% 3.99 51.2%
5 11 0.84 10.5% 1.31 7.2% 3.88 26.5% 4.08 50.1%

12 0.84 10.6% 1.31 7.2% 3.71 29.7% 4.19 48.8%

13 0.84 10.5% 1.31 7.2% 3.63 31.3% 4.5 44.9%

14 0.84 10.6% 1.31 7.2% 3.72 29.6% 3.87 52.6%

15 0.84 10.6% 1.31 7.2% 3.59 32.0% 4.14 49.83%

16 0.84 10.6% 1.31 7.2% 3.69 30.2% 3.98 51.3%

*Note: The table depicts frequencies of damagesarmhgthened scenarios which correlate with
the control bridge’s first four modes.

reliability may not be an effective method for tpimposed strengthening method. However,

since the purpose of the strengthening techniqteiiscrease the load capacity and provide

alternative load paths this proposed strengthematipod is still valid.

73



= =)

& 5 8 X..

= =sd T o oo
i E e ___ ;---- ..... ﬁ %
2 = =a
= . = 2

& ‘oo ---- £+ - 43 30 EIRN: W o--0-B8

() (b)

Bridg
%II
X
1
-
h
!
by
1
!
-
«
]
-

0.0 0.2 0.4 0.6 08 1.0
Damage Index Worst Case Truss

WIioUT o 77 Wiodc &

Fig. 4.14 Natural frequency response with the worst caseag@nmdex: (a) 2kN (b) 4kN (c) 6kN
4.8 SUMMARY AND CONCLUSIONS

An examination was performed to determine the éetfemt a novel approach to
strengthening a damaged steel truss bridge haseooverall performance of the structure. To
perform the examination a scale model bridge waermentally tested and a numerical model
was used to validate the results. Once the sidjganse parameters of the experimental tests
were validated with the numerical model, the nuganmodel was extended to further examine
the relationship between the strengthening teclenaqul the susceptibility of the bridge to

failure. In total, 16 damage scenarios were teatebthen each scenario was strengthened using
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three levels of post-tensioning, 2 kN, 4 kN and\b Khe static analysis was used to evaluate; 1)

a damage index which quantified the level of danthgewas present, 2) the transfer of load

between members when post-tensioning was applieé@patine reliability of the bridge during

various conditions. In addition to the static asaya dynamic analysis was conducted using the

numerical model to determine the effects of strieaging on the mode shapes and mode

frequencies. The following was concluded:

The damage index revealed that the proposed shremigy method was successful in
reducing overall truss deflection for any degre#oélized damage.

The ability to control member forces in the pregseatdamage was most significantly
illustrated by members adjacent to the locatiodavhage. These members experienced
the greatest degree of force redistribution; howéve not always an increase in
member force that occurs when a member is damaged.

The reliability of a truss subject to the proposaeéngthening scheme is influenced by
both the level of damage present and the levebst-fensioning applied. With an
appropriately selected level of post-tensioningriigbility of a damaged truss bridge
can be increased. Less severe levels of damagelieated by the damage index,
respond more favorably to the proposed strengtigemiethod.

Extreme damage conditions where multiple web mesere severely damaged pose
the greatest risk for system reliability. Damagealons 1 and 4 were of primary
concern. Damage to interior truss web membersdgglihfluence on the overall
performance of the system.

Higher order modes are more susceptible to chandesquency when damage is
present and when this strengthening system wagedpplhe externally post-tensioned
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CFRP did not influence the frequency variation lseathe contribution of the CFRP to

the global stiffness of the system was not sigaific
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CHAPTER 5. SUMMARY AND CONCLUSIONS

5.1 INTRODUCTION

An experimental investigation was performed to aomthe results of a numerical
model. The investigation considered the effectocdlized damage and a subsequent
strengthening technique on the performance ofttiuetsiral system. A static analysis was
performed on the experimental steel truss bridgehvbvaluated the truss deflection at midspan
and member strain for the various truss conditibmsotal 16 damage conditions were evaluated
and 3 levels of post-tensioning were consideredHeir effect on recovering the performance of
the bridge when damage was present. The followungnsarizes the results:
5.2 SUMMARY

» Localized truss damage greatly effects the serbitibaof the bridge as truss deflection
was found to increase exponentially for damageceslgreater than 0.5. With the
application of an externally draped post-tensiosteengthening system it is possible to
control the service deflection and recover the de@gf damage, as represented by the
damage index. The level of applied post-tensionfaasd to correlate directly with the
amount of deflection that was recovered.

» Current methods of load rating bridges as outlimedASHTO approximated the results
form numerical modeling with reasonable accuraayifventory rating greater than 1.5
was recommended to provide safe operation of tstidges.

* Member force was redistributed to members adjatcethte location of damage as
represented by the member safety index. Similéy element strain energy was
determined to increase in members adjacent tootteibn of damage. The proposed

strengthening system was found to reduce overathloee forces and thereby effectively
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reduce member strain energy. This result is usefudoth damaged and undamaged truss
systems.
* A dynamic analysis was determined to provide arcattbn of change to the stiffness of
the structural system which could be useful foedenhg the presence of damage. Higher
order modes showed a greater sensitivity to ssrehanges which was evident by the
change in frequency and mode shape. The numerma¢inpredicted changes to natural
frequency which correlated well with the damageeitbr damaged conditions. The
results of a dynamic analysis for the strengthdness revealed that the strengthening
system does not provide additional stiffness tosfstem as the system frequency was
found to decrease with increasing post-tensiondo@tis result was consistent with the
static analysis which revealed that the trussre&#é was slightly reduced with increasing
levels of post-tension.
5.3 CONCLUSIONS

Steel truss bridges have inherent deficiencies vith@mmes to retaining load carrying
capacity when local web members are damaged. AQbngpaaking, most truss designs lack the
redundancy within their structural system to sustaworking load if any of the component
elements sustains a fatal degree of deterioratlomever, heavy class trusses which can support
moment transfer across member connections do mawdarent greater degree of system
redundancy when compared to light class trusseshidampletely lack redundancy. The level
of system redundancy can be effectively increaseapiplying the proposed strengthening
system and adjusting the level of applied postitemsg force. With this process member forces
can be adjusted as the load distribution can leeealt The proposed strengthening system has

several advantages for repairing damaged and defisteel truss bridges, however there is still
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future work that needs to be completed for thiergjthening technique to be applied in full scale
applications.
5.4 RECOMMENDATIONS FOR FUTURE WORK

This work has proposed several methods for anajythie issues associated with
damaged steel truss bridges. It also examined@opeal strengthening technique using a state of
the art construction material. The scope of thdifigs was however superficial in determining
detailed facts about the issues that are assoaiatiedhe problems which aging steel truss
bridges face. In light of the previous fact muchrkvis still required to determine the efficacy of
the proposed strengthening method as a probablesnéatrengthening existing steel truss
bridges. Some of the proposed future work shoutlide the following:

* A more detailed investigation as to the effects tbad transfer between trusses has on
performance of an undamaged truss when the adjaosstincurs damage. This effect
was not effectively considered with the modelinghteque used for this work. A more
thorough modeling process to account for load fearend truss interaction would no
doubt improve the accuracy of the model.

» Refinement of a technique which is suitable for panng data that is quantifiable with
field measuring processes to the output capalsildfehe numerical modeling procedure.
In addition to a more refined process, a unifiethieque that would be applicable for
both un-strengthened and strengthened truss sosmeould be ideal.

* Further investigation as to the effect that strbaging has on the natural frequency of
the bridge. This work indicated that with increapedt-tension levels the natural
frequency decreased which indicates a reductiaysitem stiffness. Further testing to
confirm these effects would be required.
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Additional experimental testing of the proposeeérmsfthening technique on damage
scenarios where all truss elements are in placerenhdividual local member capacities
are slightly reduced by a decreased member crotisisevould better approximate field
conditions which are much more likely to occur.

Finally, design guidelines and codes must be foaedl to govern the criteria required
for analysis and design of the proposed exterrtiped post-tensioning technigue using

carbon fiber reinforced polymer tendons.
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APPENDIX A. BRIDGE MODE SHAPES

(b) (d)
Fig. A.1 Mode shape of control truss during service loaeéllef 4.45 kN: (a) mode 1; (b) mode
2; (c) mode 3; (d) mode 4

(a) ) (© (d)
Fig. A.2 Mode shapes of damaged truss during service e of 4.45 kKN (Specimen 1): (a)
mode 1; (b) mode 2; (c) mode 3; (d) mode 4

(a) b © (d)
Fig. A.3 Mode shapes of damaged truss during service e 0f 4.45 kN (Specimen 2): (a)
mode 1; (b) mode 2; (c) mode 3; (d) mode 4

(@) (b) © (d)
Fig. A.4 Mode shapes of damaged truss during service e of 4.45 kKN (Specimen 3): (a)
mode 1; (b) mode 2; (c) mode 3; (d) mode 4

(a) (b) (€) (d)
Fig. A.5 Mode shapes of damaged truss during service e 0f 4.45 kN (Specimen 4): (a)
mode 1; (b) mode 2; (c) mode 3; (d) mode 4
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(@ (b) () (d)
Fig. A.6 Mode shapes of damaged truss during service e 0f 4.45 kN (Specimen 5): (a)
mode 1; (b) mode 2; (c) mode 3; (d) mode 4

(c)
Fig. A.7 Mode shapes of damaged truss during service e 0f 4.45 kN (Specimen 6): (a)
mode 1; (b) mode 2; (c) mode 3; (d) mode 4

@ 0 () (d)
Fig. A.8 Mode shapes of damaged truss during service e of 4.45 kKN (Specimen 7): (a)
mode 1; (b) mode 2; (c) mode 3; (d) mode 4

PR

@ b) (© (d)
Fig. A.9 Mode shapes of damaged truss during service e 0f 4.45 kN (Specimen 8): (a)
mode 1; (b) mode 2; (c) mode 3; (d) mode 4
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Fig. A.10 Mode shapes of damaged truss during service waa of 4.45 kN (Specimen 9): (a)
mode 1; (b) mode 2; (c) mode 3; (d) mode 4; (e) entod

Fig. A.11 Mode shapes of damaged truss during service waa bf 4.45 kKN (Specimen 10): (a)
mode 1; (b) mode 2; (c) mode 3; (d) mode 4

PR

Fig. A.12 Mode shapes of damaged truss during service waa bf 4.45 kKN (Specimen 11): (a)
mode 1; (b) mode 2; (c) mode 3; (d) mode 4
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Fig. A.13 Mode shapes of damaged truss during service waa bf 4.45 kKN (Specimen 12): (a)
mode 1; (b) mode 2; (c) mode 3; (d) mode 4; (e) enod

B 4

B

(e)
Fig. A.14 Mode shapes of damaged truss during service waa bf 4.45 kKN (Specimen 13): (a)
model; (b) mode 2; (c) mode 3; (d) mode 4; (e) ntode
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(€)

(e)
Fig. A.16 Mode shapes of damaged truss during service aa 0f 4.45 kN (Specimen 15): (a)
model; (b) mode 2; (c) mode 3; (d) mode 4; (e) node
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(e)
Fig. A.17 Mode shapes of damaged truss during service aa 0f 4.45 kN (Specimen 16): (a)
model; (b) mode 2; (c) mode 3; (d) mode 4; (e) node

b S A Py Rk s
X “‘1:

(e)
Fig. A.18 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 1): (a) model; (6de2; (c) mode 3; (d) mode 4; (e) mode 5

89



(€)

(e)
Fig. A.20 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 6 kN of
post-tensioning load (Specimen 1): (a) model; (6de2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.21 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 2): (a) model; (6de2; (c) mode 3; (d) mode 4; (e) mode 5

x>

By A 20 EONR

(e)
Fig. A.22 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 4 kN of
post-tensioning load (Specimen 2): (a) model; (6de2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.23 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 6 kN of
1; (bdlen2; (c) mode 3; (d)

mode 4; (e) mode 5

\ [ By N

(e)
Fig. A.24 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 3): (a) model; (bde2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.25 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 4 kN of

post-tensioning load (Specimen 3): (a) model; (@6de2; (c) mode 3; (d) mode 4; (e) mode 5

.
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(e)
Fig. A.26 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 6 kN of
post-tensioning load (Specimen 3): (a) model; (bde2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.27 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 4): (a) model; (6de2; (c) mode 3; (d) mode 4; (e) mode 5

X P
B . AN 39 L
Y ) S iy

(e)
Fig. A.28 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 4 kN of
post-tensioning load (Specimen 4): (a) model; (@de2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.29 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 6 kN of

post-tensioning load (Specimen 4): (a) model; (6de2; (c) mode 3; (d) mode 4; (e) mode 5

(e)
Fig. A.30 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 5): (a) model; (6de2; (c) mode 3; (d) mode 4; (e) mode 5
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(€)

(e)
Fig. A.32 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 6 kN of
post-tensioning load (Specimen 5): (a) model; (@de2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.33 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 6): (a) model; (6de2; (c) mode 3; (d) mode 4; (e) mode 5
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X v =

(e)
Fig. A.34 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 4 kN of
post-tensioning load (Specimen 6): (a) model; (6je2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.35 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 6 kN of
post-tensioning load (Specimen 6): (a) model; (@)e2; (c) mode 3; (d) mode 4; (e) mode 5

(e)
Fig. A.36 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 7): (a) model; (@de2; (c) mode 3; (d) mode 4; (e) mode 5
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(€)

(e)
Fig. A.38 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 6 kN of
post-tensioning load (Specimen 7): (a) model; (@6de2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.39 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 8): (a) model; (6de2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.40 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 4 kN of
post-tensioning load (Specimen 8): (a) model; (6de2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.42 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 9): (a) model; (6de2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.43 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 4 kN of

post-tensioning load (Specimen 9): (a) model; (6de2; (c) mode 3; (d) mode 4; (e) mode 5

(e)
Fig. A.44 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 6 kN of
post-tensioning load (Specimen 9): (a) model; (bje2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.45 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 10): (a) modelm®je 2; (c) mode 3; (d) mode 4; (e) mode 5

(e)
Fig. A.46 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 4 kN of
post-tensioning load (Specimen 10): (a) modelm®ie 2; (c) mode 3; (d) mode 4; (e) mode 5
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(€)

(e)
Fig. A.48 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 11): (a) modelm®je 2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.49 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 4 kN of
post-tensioning load (Specimen 11): (a) modelm®ie 2; (c) mode 3; (d) mode 4; (e) mode 5

RN

(e)
Fig. A.50 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 6 kN of
post-tensioning load (Specimen 11): (a) modelm®ie 2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.51 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 12): (a) modelm®je 2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.52 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 4 kN of
post-tensioning load (Specimen 12): (a) modelm®ie 2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.53 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 6 kN of
post-tensioning load (Specimen 12): (a) modelm®je 2; (c) mode 3; (d) mode 4; (e) mode 5

%
3

(e)
Fig. A.54 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 13): (a) modelm®ie 2; (c) mode 3; (d) mode 4; (e) mode 5
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(€)

(e)
Fig. A.56 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 6 kN of
post-tensioning load (Specimen 13): (a) modeln(®je 2; (c) mode 3; (d) mode 4; (e) mode 5
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(€)

(e)
Fig. A.58 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 4 kN of
post-tensioning load (Specimen 14): (a) modelm®ie 2; (c) mode 3; (d) mode 4; (e) mode 5
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(€)

(e)
Fig. A.60 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 2 kN of
post-tensioning load (Specimen 15): (a) modelm®ie 2; (c) mode 3; (d) mode 4; (e) mode 5
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(e)
Fig. A.61 Mode shapes of the strengthened truss duringvecedoad level of 4.45 kN; 4 kN of
post-tensioning load (Specimen 15): (a) modelm®ie 2; (c) mode 3; (d) mode 4; (e) mode 5

& R

(e)
Fig. A.62 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 6 kN of
post-tensioning load (Specimen 15): (a) modelm®je 2; (c) mode 3; (d) mode 4; (e) mode 5

111



(€)

(e)
Fig. A.64 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 4 kN of
post-tensioning load (Specimen 16): (a) modelm®je 2; (c) mode 3; (d) mode 4; (e) mode 5

112



(e)
Fig. A.65 Mode shapes of the strengthened truss duringvicedoad level of 4.45 kN; 6 kN of
post-tensioning load (Specimen 16): (a) modeln(®je 2; (c) mode 3; (d) mode 4; (e) mode 5
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APPENDIX B. MEMBER STRAIN
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Fig. B.1 Strain response Specimen 1, Truss 1: (a) Top cliloydottom chord; (c) Web 1
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Fig. B.2 Strain response Specimen 2, Truss 1: (a) Top clioydottom chord; (c) Web 1
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Fig. B.3 Strain response Specimen 3, Truss 1: (a) Top clioydottom chord; (c) Web 1
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Fig. B.4 Strain response Specimen 4, Truss 1: (a) Top clioydBottom chord; (c) Web 1
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Fig. B.6 Strain response Specimen 6, Truss 1: (a) Top clioydottom chord; (c) Web 1
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Fig. B.7 Strain response Specimen 7, Truss 1: (a) Top cliloydottom chord; (c) Web 1
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Fig. B.8 Strain response Specimen 8, Truss 1: (a) Top clioydBottom chord; (c) Web 1
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Fig. B.9 Strain response Specimen 9, Truss 1: (a) Top clioydottom chord; (c) Web 1
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Fig. B.11 Strain response Specimen 11, Truss 1: (a) Topclioy Bottom chord; (c) Web 1
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Fig. B.12 Strain response Specimen 12, Truss 1: (a) Topclioy Bottom chord; (c) Web 1
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Fig. B.13 Strain response Specimen 13, Truss 1: (a) Topclioy Bottom chord; (c) Web 1
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Fig. B.14 Strain response Specimen 14, Truss 1: (a) Topclioy Bottom chord; (c) Web 1
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Fig. B.15 Strain response Specimen 15, Truss 1: (a) Topclioy Bottom chord; (c) Web 1
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Fig. B.16 Strain response Specimen 16, Truss 1: (a) Topclioy Bottom chord; (c) Web 1
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