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Justin A. Liesen

ABSTRACT

This study is part of a VDOT sponsored project focusing pairéechniques for impact
damaged prestressed bridge girders. The investigation included evaluation of the repair
installation and flexural strength of four AASHTO Type Il girders that were intentionally
damaged and repaired. In addition, nonlineatefialement modeling was used to aid in the
development of design protocols for each repair method. This report discusses two of the three
repair techniques. Three Master of Science students report on the project results: Justin Liesen,
Mark Jones, and Mhael Gangi. Liesen and Jones (2015) had responsibility for the installation
and testing of the repaired girders and Gangi (2015) performed the finite element modeling of
the girders.

Three repair methods were identified for experimental investigaticamd splice,
bonded FRP, and FRCM. During this investigation the repair methods were evaluated by
conducting six flexural tests on four AASHTO Type Il girders. Flexural tests were conducted
instead of shear tests because typical impact damage frohre@mi# vehicles occurs around the
mid-span and flexural strength dominated region of bridge girders. The cracking and failure
moments for each test were evaluated and comp
AASHTO calculations, a momewurvature diagram, and ndmear finite element modeling.

All photographs by author unless otherwise noted, 2015.
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CHAPTER I: Introduction

1.1: Background

Prestresed concrete bridge girders are a common type of structure for short to medium
span highway bridges (Taly, 2015). According to a report published by Transportation for
America, 11% of bridges in the United States are classified as deficient; for exdraple,
require fAsignificant maintenance, rehabilitat
Each year in the United States, an average of 25 to 35 bridges are damaged by overheight vehicle
collisions in each state (ElSaftey, Graeff, & Fallaha, 2014 a poll conducted by Agrawal and
Chen (2013), the state of Virginia reported 41 bridges damaged from overheight vehicle impacts
from 2005 to 2008. Figure 1 shows the number of reported impacts by state based on a response
to the same poll. The majbyiof the states that responded, highlighted in dark grey, admitted

that the damage of bridges from impact is a major problem (Agrawal, Xu, & Chen, 2013).
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Figure 1. Overheight Impacts as Reported by State Adapted From Agrawal, A. K., Xu, X., & Cherz,. (2013,
January 15). Strikes on Low Clearance Bridges by Owideight Trucks in New York StateRetrieved December
05, 2014, from United States Department of Transportation:
http://www.rita.dot.gov/utc/publications/spotlight/2013_01/html/spotlight_0113.hinl, Used under fair use,

2015

The damage caused by impacts can range from minor to severe and can result in
significant costs for the surrounding community and bridge owner. Initially, there is potential for
damaged property and even loss of life depandimthe type of impact and volume of use. In
the long run, costs result from repairing or replacing the damaged sections, diversion of traffic,
and damages to commerce and industry in the vicinity of the damaged bridge. Four states; lowa,
Kentucky, Lousiana, and Mississippi, reported an average cost of repair and/or cost of property
damage of approximately $500,000 per damaged bridge in 1999 (Fu, Burhouse, & Chang, 2003).
Because of these potential losses, it is important for bridge owners to hadevatap cost

effective and easily implementable repair schemes.
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According to a report from The Transportation Research Board Committee on Concrete
Bridges published in 1994, prestressed bridges made up more than 50% of all bridges in the
United Statesl n addition, they predicted that the fa
grown rapidly and steadilyo (Aktan, et al., 1
lighter and stronger, the application of prestress to bridges extends treappaility of bridges
of up to 800 ft for segmental concrete bridges (Aktan, et al., 1994). With the increasing number
of prestress bridges in the United States, the probability of these bridges being impacted by
overheight vehicles increases.

The applcation of prestress that allows bridges to span greater lengths poses a more
complex problem when the girders are damaged than when a steel girdeipoestoessed
girder bridge is damaged. Damage that causes strands to become exposed makes them
suscepble to corrosion similar to mild steel reinforcement. Furthermore, strand exposure or
damage can change the capacity of the girder by reducing the effective prestress force in the
girder. Severed strands continue to provide flexural resistance inlaaéase undamaged,
however, the capacity of the damaged section is reduced. Therefore, it is important to accurately
assess and sufficiently repair damaged members to restore the original strength. If that strength
cannot be restored, the bridge maypbsted or replaced. Some of the current techniques used to
repair prestressed bridge girders include strand splices and Fiber Reinforced Polymer (FRP).
Other technigues include Steel Jacketing, External Post Tensioning, Fabric Reinforced
Cementitious Maix (FRCM) and Replacement (Kasan, 2009).

This research project is intended to evaluate the efficiency of each of three repair
methods for impact damaged bridges. Through a review of previous applications and research of

these repair techniques, the mpimising three will be included in a testing program. Test
3



girders for evaluation of the repair methods have been provided by the Virginia Department of
Transportation (VDOT). The girders are from an Intersgit@verpass near Arcadia, Virginia
damagedy an overheight vehicle. The bridge plans are provided in APPENDIX A: Arcadia
Bridge Blueprints. Due to the damage from this and previous impacts, VDOT determined the
bridge needed to be replaced. The four AASHTO Type Il prestressed girders, picthigare

2, were provided to Virginia Tech to test repair techniques.
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Figure 2. Typical AASHTO Type lll Girder Cross Section Tested

1.2: Purpose and Scope

This study is part of a VDOT sponsored project focusing onmégpainiques for impact
damaged prestressed bridge girders. The investigation included evaluation of the repair

installation and flexural strength of four AASHTO Type Ill girders that were intentionally
4



damaged and repaired. In addition, nonlinear fiakenent modeling was used to aid in the
development of design protocols for each repair method. This report discusses two of the three
repair techniques. Three Master of Science students report on the project results: Justin Liesen,
Mark Jones, and Micel Gangi. Liesen and Jones (2015) had responsibility for the installation
and testing of the repaired girders and Gangi (2015) performed the finite element modeling of
the girders. The investigation will include testing and analysis and will restlt idetvelopment

of installation and design strength calculation protocols.

1.3: Thesis Organization

CHAPTER II: Review of Literature of this thesis reviews the literature associated with
constructing prestressed bridges, damages to prestressed bridgepaargchniques for
damaged prestressed bridges. CHAPTER III: Methods discusses the methaodsarst
procedures followed for each test. CHAPTER IV: Results and Discussion discusses the results
of each test. CHAPTER V: Conclusions and Recommendat®rnews and compares the results

of the tests and proposes recommendations for use and further research.



CHAPTER II: Review of Literature

2.1: Use of Prestressed Concrete for Bridges

APrestressing can be def i ne®adtructure, lgplereer al t e
application of the service | oads, so as to im
1987). ltis used to control the stress in the structural member; allowing the designer to limit
cracking and offset deflections under seeMoads. In prestressed bridge construction, a girder
is designed with a prestress force that offsets the stress and deflections caused bwéighself

and superimposed dead, prestress, and live loads (Nilson, 1987).

Eugene Freyssinet, a Frenchengier , Ai ntroduced a system fo
wedgeanc hored high strength steel cableso (Nil s
bridges to be built with relatively small dep

grown rapidly ad steadily, beginning in 1949 with higdtrength steel wires in the Walnut Lane
Bridge in Philadel phia, Pennsylvaniao (Aktan,
allowed designers to offset the deflection, reduce materials required, incregsaniengths,

and accelerate the construction timeline through the use of precast and segmental construction
techniques. Because of these advantages, the popularity of using prestressing in the construction
of bridges has increased. Since the constructidghe Walnut Lane Bridge, the percent of

prestressed concrete bridges built each year has risen from 0% to 50% of all bridges built in the
United States. Figure 3 shows the steady increase of use of prestressed members in bridge
construction between 105nd 1994 as compared to steel and prastressed concrete as the

primary material. With improvements in ukhégh and veryhigh performance concrete with

higher compressive strengths and lighteright materials, the lifeycle costs of prestressed



concrete bridges continues to decrease, increasing its popularity as a construction technique

(Aktan, et al., 1994).

Bridges Built
National Bridge Inventory, 1994
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50% A / \\/
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Reinforced
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Figure 3. Percent of Bridges Built Annually Aktan, A. E., Culmo, M. P., Frangopol, D. M., French, C. W.,
Rabbat, B. G., Sanders, D. H., ...Woods, S. W. (1994)Concrete BridgesWashington D.C.: Transportation

Research Board: Committee on Concrete Bridges. Retrieved December 8, 2014, Used under fair use, 2015

2.2: Damage Classification

As the percent of prestressed bridges continueseothe likelihood of damage due to
impact from overheight vehicles increases. Upon impact, a bridge can sustain damages that can
be classified as minor, moderate, or severe (Harries, Kasan, Miller, & Brinkman, 2012).
AShall ow spall ,r ampiesk @analnd oanmeacekK §,] o escence,

2009) are typical with minor damage. Repairs to girders with minor damage are for aesthetic or
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preventative purposes. ALarger cracks and su
strand 0 ( Kasan, 2009) is typical of moderate dan
are for prevention of further deterioration. Kasan (2009) separated the classification of severe
damage into two categories, Seguiresrsteucturalrapad Seve
that can be affected using a rorestressed/postensi oned met hodo ( Kasan,
member with severe | damage is done to restor
structural repairs involving replacemaaitprestressing force through new prestress or post
tensioningo (Kasan, 2009) . Repair to a membe
service limit state. If an element must be replaced because damage is too extensive and repair is

not practicaljt is classified as severe Il (Kasan, 2009). Table 1 is a summary of the severe

damage classifications and repair philosophies based on the determined damages.



Table 1. Damage Classifications Harries, K. A., Kasan, J., Miller, R., & Brinkman, R. (2012).Updated
Research for Collision Damage and Repair of Prestressed Concrete Bad@dRP Project 2007, Task 307,
University of Pittsburgh, Department of Civil Engineering, Pittsburgh. Retrieved December 10, 2014, Used

under fair use, 2015

Damage Classification SEVERE I SEVERE 11 SEVERE 111
Repair philosophy ULS only ULS and S5LS -
Action non PT repair PT repair replace
Live load capacity replacement up to 5% up to 30% 100%
Ultimate load capacity replacement up to 8% up to 15% 100%
Replace lost strands 2-3 strands up to 8 strands =8 strands
WVertical Deflection loss of camber up to (1.5% =(0.5%
permanent lateral
Lateral Deflection (Sweep) oy . deﬂecél_on
(Shanafelt and Horn 1985) within construction tolerance excee ||I1g
construction
tolerance
strand loss camber
MINOR Concrete with shallow spalls, nicks and cracks, no exposed no effect of
scrapes and some efflorescence, rust or water strands girder camber
stains. Damage does not affect member capacity.
Repairs are for aesthetic and preventative
purposes only (VCHRP 280).
MODERATE  Larger cracks and sufficient spalling or loss of exposed strands  no effect of
conerete (o expose sirands. Damage does not N girder camber
: : . no severed
affect member capacity. Repairs are intended to strands
prevent further deterioration (NCHRP 280).
SEVERE 1 Damage affects member capacity but may not be  less than 5% partial loss of
critical — being sufficiently minor or not located at  strand loss camber
a critical section along the span [2.5]. Repairs to
prevent further deterioration are warranted
although structural repair is typically not required.
SEVERE 11 Damage requires structural repair that can be strand loss complete loss of

affected using a non-prestressed/post-tensioned
method. This may be considered as repair to affect
the STRENGTH (or ultimate) limit state.

greater than 5%

camber

SEVERE II1  Decompression of the tensile soffit has resulted strand loss vertical
[2.6.1.2]. Damage requires structural repair exceeding 20%.  deflection less
involving replacement of prestressing force In longer and than 0.5%
through new prestress or post-tensioning. This heavily loaded
may be considered as repair to affect the sections,
SERVICE limit state in addition to the decompression
STRENGTH linut state. may not occur
until close to
30% strand loss.
SEVERE IY  Damage is too extensive. Repair is not practical strand loss vertical
and the element must be replaced. greater than deflection
35% greater than
0.5%




2.3: Repair Technigues

In 1980, Shanafelt and Horn conducted research for The National Cooperative Highway
Research Program (NCHRP) in which they investigated 11 different repair techniques to include
external postensioning, steel jacketing, strand splg, combinations of these methods, and
replacement. Their results were published in NCHRP Report 226 along with an initial damage
classification system. The report suggested standards for inspection and repair of damaged
prestressed bridge girders telude proper techniques, tools, and forms (Harries, et. al., 2012).
Subsequent research into repair techniques have built on and expanded the research reported in
NCHRP Report 226.

Strand splices are one of the cheapest and easiest methods to desigtadiridr
repairing damaged prestressed girders. They can restore most of the strength and some of the
prestress force lost due to the damage. The size and stiffness of the splice must be considered to
ensure that proper positioning and cover are garehto account for any unintended
eccentricities. In addition, the advertised minimum strength of a strand splice is 85% of the
nominal strength of the strands it is joining. This must be considered as it will create a potential
critical failure point Kasan, 2009).

Fiber reinforced polymers (FRP) provide a wide array of options for repair, but the
designer must consider the unique material properties of the different types of fabrics along with
the specific repair method they choose. In additiomjrktallation process requires skilled
laborers and the adhesive used to bond the system to the girder must be protected from the
environment to prevent deterioration from ultraviolet rays and fire (Kasan, 2009).

External postensioning is designed silai to an unbonded pestnsioned girder and

can restore prestress as well as strength and serviceability. The process is simple, but the design
10



must consider the force transfer to the girder and any eccentricity created by the addition of
loads. Also, fier the system is installed, it needs to be protected from the environment to
prevent corrosion (Harries, et. al., 2012).

Steel Jacketing not only increases the strength through its own material properties, but it
also provides confinement for the coete that it encases. The jacket can be designed to fit
around the outside of the girder, but the designer must consider how to anchor the jacket and
transfer shear forces between the jacket and the girder. Installation of the jacket may require
field welding to close the encasement and grouting is often required along the entire girder for
environmental protection and for aesthetics to offset size differences (Harries, et. al., 2012).

FabricRei nf orced Cementitious Mat xreinforcéedF RCM)
with dry fibers in the form of open single
matrix bonds to the member and provides reinforcement. The dry fabric mesh has a primary and
secondary orientation which allows it to provideaial tensile strength and gives it some shear
resistance. However, the installation procedure requires a specified temperature range and a
specialized professional. Since it is relatively new in comparison to some of the other
techniques, finding someométh installation experience may prove difficult. In addition, there
is a longer cure process for the cementitious matrix than epoxy. If the matrix is not given the
proper cure time or temperatures are not within range, a good bond between the fattvéc and
substrate may not form. Without a proper bond, the repair will not function properly (ACI
Committee 549, 2013).

Replacement is typically seen as the safest and surest way to handle a damaged girder.
By replacing a girder, any realized or unrealideginage that may affecting performance later is

fixed, however it is the most expensive and time consuming. According to a study conducted for
11
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the Washington Department of Transportation, most girder replacements cost between $500,000
and $1,000,000 depéimg on the size and scope (average of around $8,000 per foot of girder
replaced) and took approximately one to two months to complete the replacement (Brice, 2013).
Ultimately, any repair method, or combination of repair methods is going to be more cost
and time effective than replacing a damaged girder. In addition, if designed appropriately, the
repaired section may outperform the original design capacity of the girder. Each type of repair
has its advantages and disadvantages as indicated in Talliege advantages and
disadvantages should be considered carefully based on the specific situation of the damaged
girder. The specifics of each type of repair is discussed in further detain in subsequent sections.
The repairs presented in Table 2 induéplacement, steel jacketing, strand splicing, post
tensioned steel, post tensioned CFRP, prestressed CFRP, near surface mounted (NSM) CFRP,
CFRP fabrics, and preformed CFRP strips. If any aspect of a repair is under question, it is

always best to exeige caution and replace the damaged girder.
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Table 2. Summary of Repair Techniques Harries, K. A., Kasan, J., & Aktas, C. (2009Repair Methods for
Prestressed Girder Bridge#Jniversity of Pittsburgh, Department of Civil and Environmental Engineering.

Harrisburg: Commonwelth of Pennsylvania Department of Transportation, Used under fair use 2015

Damage Repair Method
Assessment preform ] prestressed Strand . Replace
3 CFRP fabric NSM CFRP PT CFRP PT steel s Steel Jacket h
Factor CFRP strips CFRP Splicing Girder
Damage that ma:
= ¥ Severs low Severe | Severe | Severe || Severe I Sewvere | low Severe | Sewvere |l Severe
be repaired
. ! passive or
Active or Passive passive passive passive mar\g_nall:.' active active achve or marginally nla
repair active passive .
active
Applicable beam 1B, limited 1B, limitzd
F all a all a al : B all
shapes othemise otherwizs

Behawvior at )

ultimate load excellent excellent excelent excellent excellent excelent excellent uncertain excelent
Resiztance to limited by limited by limited by )

overpad bond bond good bond good excellent excellent unceriain excellent
limited by limited by limited by excellent )
Fatigue bond® bond goaod bond? (unbonded) excelient paor uncerain excelient
Adding strength
o non-damagsd excellent good excelent excellent excellent excalent n'a excellent n'a
girders
Combining splice - - . . good .- .
methods possible possible unlikely pocsible (unbonded) good excellent excellent n'a

Numer of up o 25% mited limited by slot up to 25% up to 25% up fo 25% few strands up to 25% unlimited
strands sphced geometry

Prelcalf‘i_fcr no no ne no no no possibly possibly nla

repair
Preload for patch® possibly no yes poseibly poscibly possibly YES Ju] n'a
Restore loss of patch prior to patch prior to patch prior to patch prios to patch prior to patch prior to excellent patch prior to nla
concrete repair repair repair repair repair repair repair :
Speed of . .

Mokilization fast ast moderate moderate moderate moderate fast slow very slow
Constructability easy easy difficult difficult moderate moderate difficult very difficult difficult
Speed of repair fast fast moderate moderate moderats moderate fast slow wery slow

. VQCs from
Environmenta . typica
impact of repair VaCe r_'orr' VOCe from adnecive & VeCs f_'crr minimal mirimal minima welding grection
adhesive adhacive concrete adhesive .
PROCEES ) issues
sawing dust
requires requires requires requires reguires requires
Durakdlity environmental | emvironmental excelent environmental | emvironmental corresion excellent corrosion excellent
profection protection protection protection protection proteciicn
Cost oW low moderate moderate moderats low very ow mioderate high
Aeshetics excellent excellent excelent excellent fair fair excellent excellent excellent
nia: not applcable
1 Due to their complexity and the fact that they are untestsd, steel jacket repairs ares not recommendsd, it is believed that CFRP repairs address all advantages of steel jackets
while pvercoming some of their drawbacks
2 gee Harries et al. (2008) for a discussion of fatigue of bonded CFRP repair systems
* Preload may be required for the repair or simply to pre-compress associated concrete patches Jackets render the need to pre-compress the patch unnecessary

In the next three sections, this report presents in depth information about strand splices
and fiber reinforced polymer (FRP) repair methods and summarizesafdhe additional
techniques presented in NCHRP Report 226 and the research inspired by Report 226.

2.3.1: Strand Splice

In the event that one or more strands are severed on a damaged prestressed girder, the

severed ends can be reconnected using adss@dice or splice chuck. The-oennected strand
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can then be stressed to reintroduce some or all of the force that was initially in the strand using
one of three methods. The bridge can be preloaded introducing a negative moment, or upward
camber, andfeer the strands are connected and the load removed, tension is induced. Another
option is to heat the strand to cause strand elongation before the splice is connected. Once the
strand cools, it shrinks and tension is introduced. The final technitmese a wrench to

torque the strand splice chuck and induce tension. As introducing a negative moment is not an
option in most cases and strand heating may change the material properties of the strands,
torqueing the turnbuckle on the splice chuck isrtlest common way to induce tension into the
severed strands (Harries, et. al., 2012). Commercial manufactures of splice chucks provide
tables that associate a tensile force to a specified torque measured on a torque wrench (Prestress
Supply Incorporated2010). Table 3 shows an example of a suggested installation torque chart

to achieve 80% of ultimate strength in a strand based on strand size and ultimate strength.

Table 3. Suggested Installation Torque Prestress Supply Incorporated. (201Qrabb-It Cable Splice
Retrieved December 12, 2014, from Prestress Supply:

http://www.prestresssupply.com/Products/StrandRepair/GRABBITCableSplice.aspx, Used under fair use

2015
GRABB-IT" CABLE SPLICE
SUGGESTED INSTALLATION TORQUE VALUES
STEM SIZE 37416 (UNT) NOM. DIA 374" (.75007)
STRESS AREA 3750 sz.nmlv. GRADE 71
(58] CABLE GRABB-IT®
- cxnr | 80% |otmimare]  TORQUE VALUES
é bIA. JULTIMATEFTRENGTI LUBRICATED
Q (LBS! (LBS) IN-LBS FI-LBS
| 378 | 16000 | 20000 1800 150
52_ 77167 21600 | 27000 2430 203
N 172" | 28800 | 36000 3240 270
&~ | 3/87 | 18400 | 23000 2070 173
S 7167 ] 24800 | 31000 | 2790 233
N 172 33000 | 41300 3713 309
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Installing strand splices is relatively quick and simple in comparison to other teebniq
The concrete is removed around the damaged section and severed strands to provide room for the
splice chuck. The area is then sand blasted and pressure washed to provide good patch concrete
bond and to prevent the substrate from drawing moistune ihe patch concrete during curing.
If a preload negative moment is to be used, it is applied to shorten the strand length. The chucks
are positioned in order to ensure that their weak points do not overlap, using additional strand
extensions with wedgetnecessary, then the turnbuckle is tightened to a specific torque, or a
turn-of-the-nut method is used to apply the desired stress in the strands. The negative moment is
then removed and a positive moment preload is applied and the patch material plifieethe
concrete has had time to cure, the positive moment is removed. The result of the repair with the
preloading is a spliced strand in tension with a concrete patch that is compressed (Zobel, Jirsa,
Fowler, & Carrasquillo, 1997).

Depending orhe size of the damage, the entire process takes-araiattd crew about
one to three days from sep until the patch has cured. Each splice chuck takes about 15
minutes to position and tightened to the desired tension. In addition, the cost gflesch s
chuck is roughly $56100 (Prestress Supply Incorporated, 2010). When using more than one
strand splice, it is important to stagger the placement of the splice chucks so that a weakened
point in the girder is not created. The large size of theesphuck may require the removal of
additional strands causing further reduction in the initial prestress force. The larger size and
stiffness of the splice chuck can also cause unintended eccentricities and reduce the clear cover
on exterior strands (WipKlaiber, Rhodes, & Kempers, 2004b). Even with these issues, because
of low cost and quick instillation time, strand splices are often used in conjunction with other

repair techniques (Harries, et. al., 2012). Figure 4 shows a splice chuck beingetiglhtth a
15



torque wrench during the installation process. Figure 5 and Figure 6 show the layout for a repair

using four and eight splice chucks respectively.

Figure 4. Splice Chuck Installation
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Figure 5. Four Splice Chucks

Figure 6. Eight SpliceChucks

17



2.3.2: Fiber Reinforced Polymer (FRP)

Fiber reinforced polymer (FRP) is a polymer matrix high performance fibers inside of it.
The fibers can be made from aramid, carbon, glass, high performance steel, or a hybrid of these
materials (Harries, eal., 2012). Carbon fiber reinforced polymer (CFRP) laid as a
unidirectional fabric is one of the most common forms of FRP and is supplied in large rolls of
fabric. The CFRP system is composed of primer, putty, saturant, carbon fiber sheets, and a
protedive topcoat (Wipf, et. al., 2004b). Carbon fiber reinforced polymer has a tensile stress
capacity about 1.5 times prestressing strands
(Harries, et. al., 2012). This is evident in the sts#ssin relationBip for carbon fiber shown in
Figure 7 (Wipf, et. al., 2004b). These properties allow carbon fiber to reach a much higher strain
than steel, but it does not have the plastic behavior or strain hardening characteristics associated

with steel (Harries, etl., 2012).
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Figure 7. Carbon Fiber Stress Strain Curve Wipf, T. J., Klaiber, F. W., Rhodes, J. D., & Kempers, B. J.

(2004b).Effective Structural Concrete Repair: Repair of Impact Damaged Prestressed Concrete Beams with

Carbon Fiber Reinforced PolymeiCFRP). lowa State University, Department of Civil, Construction, and
Environmental Engineering. Ames: lowa Department of Transportation. Retrieved December 12, 2014, Used

under fair use, 2015

FRP can be installed using various techniques. It can bdledséa sheets or rolled
fabric using a wetay process. External ngpost tensioned FRP can be installed as preformed
strips, or using rolls in a wet lay or a spray lay process. Preformed strips generally have a high
fiber volume and are stronger andfet than wet lay fabrics. The strips are formed in a factory
where their quality is under better control resulting in a more consistent and durable product.
The wet lay fabric, however, is better for wrapping applications. When using CFRP, Table 4 can
serve as a basis for determining the recommended maximum number of damaged 3/8 in, 250 ksi
strands before a girder must be replaced (Harries, et. al., 2012). The table presents

recommendations for externally bonded CFRP-EHBRP), bonded posensioned ERP (bPT
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CFRP), unbonded pestnsioned CFRP (URTFRP), and near surface mounted CFRP (NSM
CFRP). For example, in this project, an AASHTO Type Il girder with 3/8 in, 250 ksi strands,
using externally bonded CFRP, can have a maximum of eight damagetssisaindicated

before a different repair technique should be selected or the girder replaced.

Table 4. Recommended FRP Repair Based on Maximum Number of Damaged Strands Harries, K. A., Kasan,
J., Miller, R., & Brinkman, R. (2012). Updated Research faCollision Damage and Repair of Prestressed
Concrete BeamsNCHRP Project 2007, Task 307, University of Pittsburgh, Department of Civil Engineering,

Pittsburgh. Retrieved December 10, 2014, Used under fair use 2015

. equivalent 3/8” 250 ksi strand”
Shape . | bpeal s g NSM-
(PCI 2003) H (in.) b(in.) strands CFRP bPT-CFRP uPT-CFRP CFRP
(PCI 2003)
Moy My NPT Mpay My -pT D
I 28 16 20 ] 13 10 10 ] 7
1 36 18 30 | ey |15 11 12 7 B
AAsHTO | 45 22 50 (L8 J ie 14 14 8 9
I-girders v 54 26 66 10 22 16 17 10 11
W 63 28 80 o1 24 ) 18 | 18 1 10 | 12
Al 72 28 80 11 24 18 18 10 12
C' 40 22 50 8 19 14 14 & 9
Boxes B-36 | 27,33,39 | 36 34 13 28 26 21 15 13
B-48° & 42 48 46 17 a7 34 29 20 18
Bulb Tees | BT | **°7% | 2 40 o | 22 16 17 10 "
Deck Tees - 35,6543 & 25 32 9 20 17 16 10 10
Slabs S-36 [ 12,1518 | 36 17 13 27 26 21 15 13
) S-48 & 21 48 23 |17 37 | 34 | 29 | 20 | 18
" 1B Prototype
f AB and SB prototype
" Typical number of strands in a section; taken as:
maximum number of strands that may be located in confines of the bottom flange or bulb;
maximum number of strands in one layer for slabs; or
* to convert tabulated values to...
equivalent 3/8" 270 ksi strand, multiply tabulated value by (0.080/0.085)(250/270) = 0.87
equivalent 2" 250 ksi strand, multiply tabulated value by (0.080/0.144) = 0.56
equivalent %™ 270 ksi strand, multiply tabulated value by (0.080/0.153)250/270) = 0.48
equivalent 0.6 250 ksi strand, multiply tabulated value by (0.080/0.216) = 0.37
equivalent 0.6™ 270 ksi strand, multiply tabulated value by (0.080/0.215)(250/270) = 0.34

FRP strips can be used to return sarhthe lost prestress through either-pgasioning
or posttensioning the FRP strips. In order to install prestressed FRP, the material is stressed,
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bonded to the concrete, and the stress is released once the epoxy has cured. Unbended post
tensioned FRRransfers force through mechanical anchors that stress the material and lock it in
place once the desired load is achieved. Bondediposioned FRP is installed and stressed in
the same way as unbonded ptstsioned FRP, but it is then bonded to tindey. This method
reduces some of the adhesive creep since the adhesive system is not under stress (Harries, et. al.,
2012).

Installing wet lay FRP takes longer than splice chucks because the concrete used to patch
the damaged section must have timeuce before the primer and epoxy can be applied to it.
Also, it is quite common to use strand splices in addition to the FRP. FRP repair is still
relatively fast in comparison to replacing the entire girder. In order to install the FRP, first, the
concete is removed in the damaged section. The area is then sand blasted and pressure washed
to provide a good surface for the patch concrete to bond with and to prevent the substrate from
drawing moisture from the patch concrete during curing. If thersesered strands and splice
chucks are to be used, they are installed as previously described. If a preload positive moment is
to be used, it is applied and the patch material placed. After the concrete has had time to cure,
the positive moment is removedNext, the surface of the patch and the surface of the solid
concrete of the original girder along the length required for the FRP is sanded to provide a rough
surface for the epoxy to bond with. The epoxy is mixed creating a liquid saturant and afputty
primer coat of saturant is applied to the girder, then a coat of putty is applied. The sheets of FRP
are cut to length, soaked in the saturant and run through a roller to ensure that the liquid has
penetrated all of the fibers. It is then spread dlve first layer of putty and any air pockets or

inconsistencies are worked out.
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If more layers are required, the putty is spread across the outside of the FRP sheet and the
process is repeated. The final layer of FRP is laid perpendicular to thgodireicthe sheets to
provide confinement and strength in the transverse direction. The direction of the sheets can be
alternated by layer if additional strength is needed in either direction. After the last layer of
sheets is applied, a final layer aftpy is spread across the fabric sheets in order to provide some
protection and ensure a good bond (Zobel, et. al., 1997). Depending on the size of the damage,
the entire process takes a wiellined crew about one week from-sgt until the epoxy has
cured.

While using FRP has many advantages, there are some things that the designer must
consider. The epoxy is susceptible to ultraviolet and fire damage and must be protected in some
fashion. The material properties of the various types of FRP areediffinan steel and need to
be considered as they will change the behavior of the girder from its original design. While the
strength of the FRP is greater than with steel, it is stiffer and lacks the plastic behavior which can
result in a more sudden fiaie mode. If too much material is used, the result may be a
compressive failure rather than a tension failure. Also, it takes a specially trained crew to install
the system. If it is not installed correctly, there is potential for the epoxy to sateicity
resulting in an insufficient-zbpadfwbmchheaygic
et. al., 2004b). Figure 8 shows the saturation process for a wagbh BRP strip, Figure 9 shows

an externally bonded w4day FRP being installednd Figure 10 shows the final product.
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Figure 9. Fiber Reinforced Polymer Installation Process
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Figure 10. Fiber Reinforced Polymer Installed Over Damaged Section

2.3.3: Additional Technigues

Most o the techniques for repair presented in NCHRP Report 226 by Shanafelt and Horn
(1980) made use of a vertical preload to restore precompression to patch materials and reduce
tensile stresses during live loads. Preloads are introduced as either a posithegative
moment and are most effective in systems that have a smalletadipazlload ratio. External
posttensioning used steel rods, strands, or bars anchored to the exterior of the girder, which can
be tensioned to induce a stress to the crestios. The design of these systems is fairly simple
and similar to the design of an unbonded post tensioned system; however, the designer needs to
consider the eccentricity of the externally applied forces. Steel jacketing is a method that
involves encaing the girder with steel plates that act as a jacket for the girder to restore it to its
original capacity (Harries, et. al., 2012). In the event that a damaged girder is assessed as a

category severe lll, or sufficient capacity cannot be obtaineddhrany of the repair techniques
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discussed, the best, yet most expensive and time consuming, course of action is to replace it
(Kasan, 2009).

FRCM consists of a cementitious matrix and a fiber grid. The matrix is impregnated
through the mesh to form a b between the fabric strands and the girder. The grid geometry of
FRCM gives it advantages when compared to FRP. One of the advantages to a grid geometry is
bi-axial strength. This kaxial strength allows for the system to provide shear resistaniceutit
requiring additional layers in the transverse direction as required by FRP. By reducing the
amount of materials the number of applications, the FRCM will also reduce the risk of
overdesign due to the necessity of additional layers to resist secet@mses. The designer,
however, must be aware of the potential to over design FRCM similar to FRP. Installation of
FRCM requires skilled laborers and temperature during installation must be managed as much as
possible to ensure that it does not affeag term performance (ACI Committee 549, 2013).

2.4: Summary

Based on the literature review, three repair methods were identified for experimental
investigation: strand splice, bonded FRP, and FRCM. Strand splices were investigated because
they are an dive repair method which is economical and easy to install. Exterbafiged FRP
was chosen as a passive repair because it is currently one of the primary methods being used in
the industry and has a low life cycle cost. FRCM was chosen becausedtas\vaely new repair
method and has benefits over FRP such as biaxial strength and not relying on epoxy to create a
bond. Table 5 delineates the breakdown of responsibilities for investigating and reporting within

the project.
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Table 5. Project Scope Rsponsibilities and Summary

Girder | Test Description Investigator | # Severed Strands
Mark Jones,
A ! Control Test Justin Liesen 0
. Mark Jones,
B 2 8-Strand Spliced Justin Liesen 8
4-Strands Severed Lo
3 with FRP Justin Liesen 4
© 4 4-Strand Spliced Mark Jores, 4
P Justin Liesen
4-Strands Severed
5 5 with ERCM Mark Jones 4
4-Strand Spliced
6 with ERCM Mark Jones 4
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CHAPTER llI: Experimental Testing Methods

During this investigation three repair methods were evaluated by conducting six flexural
tests orfour AASHTO Type Il girders. Flexural tests were conducted instead of shear tests
because typical impact damage from overheight vehicles occurs around tkeamidnd
flexural strength dominated region of bridge girders. Figure 11 shows the crass sétte
girder from the VDOT design drawings. SectiorAAs a typical support cross section and
section BB is a typical section between strand harping points. Figure 12 shows a cross section
of the AASHTO Type IlI girder with a section of deck astéel. The deck width varied across
the length of the girder and varied between tests. The variation in the deck width resulted when
the girder and deck sections were removed from the bridge by saw cutting through the deck
along the edge of the prestraegggrder top flange. The approximate deck width for girder A

was 16 in and was 11 in for girders B and C.
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Figure 12. Typical AASHTO Type Il Girder Cross Section Tesed

The shear reinforcement spacing of No 5 bars in the girder, shown in Figure 13, was
analyzed during the sefp of each test in order to evaluate potential failure modes. The shear
reinforcement type and spacing was identical in each of the test giffleesintent was to
achieve a flexural failure in each test. The first test was a flexural test of a 44 ft long unrepaired
section of Girder A to establish a baseline for comparison with the subsequent tests. The second
test was a flexural test on a @@frder, Girder B, which was damaged and repaired at midspan
using the strand splice method. The third and fourth tests were flexural tests on one 60 ft girder,
Girder C, which was damaged and repaired at the third points. This was done to maximize the
number of tests conducted with the finite number of specimens. For this girder, the two repair

techniques implemented were strand splice and Fiber Reinforced Polymer (FRP). The fourth and
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fifth tests were flexural tests on one 60 ft girder, Girder Dctviaras damaged and repaired at
the third points also. For this girder, the two repair techniques implemented were Fabric

Reinforced Cementitious Matrix (FRCM) independently and FRCM in conjunction with strand

splice.
8@ 6" 6@9" 10@ 12" 5@ 21" 0@ 42" 5@ 21" 10 @ 12" 6@9" 8@6"
=—4.00" .50 10.00" 8.75' 3.50" 8.75' 10.00" 4.50" .00'—=
| | | |

58' -

Figure 13. Shear Reinforcement Spacing for No 5 Reinforcing Bars

Table 6 delineates the testing schedule for this project, identifies the researcher
responsible for investigating and reporting on each test, and summarizesupe 3etsts one
through four wil be discussed in this report. Tests five and six are discussed by Jones (2015).
Figure 14, Figure 15, Figure 17, Figure 18, Figure 19, Figure 20, Figure 21, and Figure 22 show
the layouts for each test. Also shown in these figures is the instrumenis¢éid which is

discussed in subsequent sections.
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Table 6. Testing Schedule and Summary

Distance | Distance
# Span
. _ . to Load | to Load
Girder Test Description Investigator | Severed | Length : .
Strands () Point 1 Point 2
(ft) (ft)
Mark Jones,
A 1 Control Test Jusin Liesen 0 35 12.5 16.5
. Mark Jones,
B 2 8-Strand Spliced Justin Liesen 8 58 25 33
31
Iteration 1 | 4-Strands Severed Lo 48 17 21
- Justin Liesen 4
3, with FRP
. 53 17 21
C Iteration 2
41
Iteration 1 . Mark Jones, 58 37 41
4-Strand Spliced L 4
4, Justin Liesen
; 50 29 33
Iteration 2
4-Strands Severed
5 5 with ERCM Mark Jones 4 52 31 35
4-Strand Spliced
6 with ERCM Mark Jones 4 52 17 21
Load Cell
145
_ N
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Figure 14. Test 1 Setip
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Girders B, C, and D were intentionally damaged in order to simulate the damage caused
by overheight vehicle impact. The girdevere laid on their sides and struck with a hydraulic
hammer attached to a backhoe. After a representative section of concrete was removed several
prestressing strands were severed.

After the girders were damaged, Structural Technologies providednpels materials,
and expertise to repair the damaged locations. Structural Technologies is a member of Structural
Group that specializes in the repair of damaged structures (Structural Group Incorporated, 2015).
Girder B was a strand splice repair oghtisevered strands and was used in Test 2. A strand
splice repair was done on one end of Girder C on four severed strands and used in Test 3. On the
other end of Girder C, a FRP repair was done with four severed strands and used in Test 4. Once
the remirs were complete, the girders were set up for flexural tests to determine the effective
strength regenerated by the repairs in comparison to the initial strength of the undamaged girder.

3.1: Materials Testing

In order to accurately predict the experimersults and determine the contributing
factors to the failure modes, material tests were conducted for the concrete in the girder, the
concrete in the deck, the girder reinforcement, and the repair materials. Repair materials include

the Grabbit StrandSplice system (Prestress Supply Incorporated, 2010), the Tstrata Infuseable
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Rapid Cure Restoration Material (Tstrata IRC) used to patch the damage\hep\C400
carbon fiber fabric, the WVrap 700 epoxy, and the-Wrap composite system (Structural Gpou
Incorporated, 2015). Compression tests as per American Society for Testing and Materials
(ASTM) C42 were conducted on the concrete in the deck and girder, and as per ASTM C496 on
the Tstrata IRC cylinders. Tensile tests were conducted on the prestaesis as per ASTM
A416, reinforcing bars as per ASTM A615, and the concrete in the girder as per ASTM C496.
Direct tension as per ASTM D3039, interlaminar shear as per ASTM D2344, tensile bond as per
ASTM D7234, and glass transition temperature tespep&STM E1640 were conducted on the
components of the Wrap composite system (Pino & Nanni, 2015). The Giibhable splices
were tested to determine the relationship between the torque applied on the turnbuckle to the
tensile stress induced into thgands. Also, tensile strength tests were conducted on the-Grabb
it cable splice and strands (Bao, 2015). In addition, when cutting strands during the damage
phase of the tests, strain gauges were placed on the strands to attempt to quantify thee effecti
prestress in the strands.

Tstrata IRC is a premixed, dry packaged, rapid curecselbolidating concrete mixture
used for damage repair (Structural Group Incorporated, 2015). -Mieag C400 FRP
composite system is comprised of the C400 FRP andOhepoxy. The C400 fabric is a
unidirectional carbon fiber fabric that is 0.08 in thick. The 700 epoxy resin is a high strength
bonding matrix used for adhering the FRP to the girder (Structural Group Incorporated, 2015).

A concrete core drill was used temove four cylinders from the girder cross section and
two cylinders from the deck of Girder A as shown in Figure 22. On June 11, 2014, two cylinders
from the girder and two cylinders from the deck were used to conduct an ASTM C42

compression test (ASM International, 2015). The cylinders were 2.75 in in diameter and
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approximately 6 in long. The other two cylinders from the girder were used to conduct an

ASTM C496 splitting tensile test (ASTM International, 2015).
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Figure 22. Concrete Core Removal (Foto used with permission of Mark Jones, 2015)

During the repair of the damaged sections on July 16, 2014, six cylinders with a 4 in
diameter were made from the Tstrata IRC repair concrete for compressive strength testing using
the ASTM C39 compression tesOn July 17, 2014, two cylinders were tested for their 24 hour
compressive strength. On July 18, 2014, two cylinders were tested for their 48 hour compressive

strength. On July 23, 1014, two cylinders were tested for their 7 day compressive strength.
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Two sections of No 4 reinforcing bar approximately 3 ft long were removed from Girder
A. Load was applied at a rate of 0.05 in per minute for the first 4 minutes and increased to 0.5 in
per minute until the bars ruptured after a total of 8 minutes.tddtevas conducted on two
separate pieces of reinforcement.

To determine the material properties of the prestressing steel, two 4 ft long pieces of
prestressing strands were extracted from Girder A. The strands were prepared for testing
following the pocedures developed by Salomon (2014) and Loflin (2008). Copper tubing was
used to pad the strands to mitigate the potential for a premature failure from a stress riser caused
by the grips. The tubing had an interior diameter of 0.5 in. It was cutfiehgthwise and cut
into approximately 10 in long sections. The sections were sand blasted to create a rough surface
for the best condition to bond with the epoxy. The epoxy mix was made from West System
105A epoxy resin, West System 205 epoxy hardearat 120 Aluminum Oxide Grit with a ratio
of 5 fluid ounces of grit to 5 squirts each from the manufacturer provided pump of the epoxy
resin and hardener. The epoxy and grit mixture was poured into each half of the copper tubing
and each end of the stchwas sandwiched between the tubing halves. The tubing was held
together with clamps and the epoxy was allowed to dry for a minimum of 24 hours. The strands
were placed in the SATEC universal machine and the hydratdidpé were used to grip the
coppertubing on either end of the strand as shown in Figure 23. Data was recorded using the
SATEC internal extensometer, the internal load cell, an external wire pot attached to the bottom
of the SATEC loading platform, and an external extensometer placé® strand. The tension

test results indicate that the strands are grade 250 ksi (Nilson, 1987).
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Figure 23. Prestress Strand Tensile Test

In order to determine the effective prestress in the strands, an extensometer was attached
to the strands on Girdé& as shown in Figure 24. The extensometer was used to measure the
change in length of the strands when cut. The strands were cut with an electric grinder and steel
cutting blade as shown in Figure 25. The extensometer was positioned on the strammére t

in from the location of the cut depending on the amount of damage around the strand as shown in
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Figure 26. This distance was chosen to minimize the effects of temperature change during the
cutting process. Six strands were cut with an extensom@igdehed to them. Based on these

values, it can be determined that the extensometer slipped on the second, third, fourth, and sixth
strands. The stress for the second, third, and sixth strands were past the yield stress and indicate
that the elastic asmption associated with the strestsain relationship is not valid. The fourth
stranddés stress indicated that it was in comp
caused by the grinder while cutting the strands and the violent shorténigstrand as each

wire was cut, the most likely cause of the variation was due to slipping of the instrumentation

during testing. When averaging the first and fifth strands, the effective prestress force was 132

Kksi.

Figure 24. Extensometer Attachedo Strand (Photo taken by Mark Jones, used under fair use 2015)
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Figure 25. Cutting of Strands (Photo taken by Mark Jones, used under fair use 2015)

Figure 26. Extensometer Location on Strand (Photo taken by Mark Jones, used under fair use 2015)

40



Materal property tests for the FRP were conducted at the University of Miami (Pino &
Nanni, 2015). Two thicknesses of FRP were tested in direct tension. Tests were performed on
V-Wrap C200 and WNrap C400 samples. C400 samples were used in this projeetct Dir
tension tests were conducted on five single and five double ply samples of both C200 and C400
in ambient environmental conditions. These tests were used to determine the modulus of
elasticity, ultimate tensile stress, and ultimate tensile strain @Manni, 2015).

Tension tests of the Gratitosplice device were conducted (Bao, 2015). Prestressing
strands were anchored between two steel abutments with a strand splice between them. The
abutments were placed 16 ft apart for the first test, 6 ft &mathe second test, and 4 ft apart for
the third test. The strand was attached to a load cell and the splice was tightened using a
calibrated torque wrench and readings were taken at specified torque values to compare to the
theoretical value given e manufacturer in Table 3. After completing the torque test, the
strands were loaded to failure. In all tests, the strands reached failure before the splice chuck.

3.2: Instrumentation Types

This section will discuss the different instruments usechdnitor girder behavior during
testing. The layout used in each test will be described in subsequent sections. The following
instrumentation was used: Linear Variable Differential Transformers (LVDT), Miniature Linear
Variable Differential Transformer(MLVDT), Strain Transducers, Potentiometers,
Extensometers, and Load Cells. The LVDT, MLVDT, and strain transducers were used to
measure the surface strain in the girder. The potentiometers were used to measure vertical
deflection and lateral movemeat the girder. The extensometers were used to measure the
strain in the prestressing strands and reinforcing bar during material tests. The load cells were

used to measure the applied loads during testing.
41



Linear Variable Differential Transformers wersed to measure the concrete surface
strain in the girders. They were calibrated to 0.001 in and zeroed prior to each test.

Mini Linear Variable Differential Transformers are a shorter version of the LVDT and
were used to measure the concrete surfacensiraéine girders. They were calibrated to 0.001 in
and zeroed prior to each test.

Strain transducers were used to measure length changes. The changes in length were
used to calculate strain in the girder. They were calibrated to 0.001 in and zeroéadl gaich
test.

Potentiometers were used to measure vertical deflection and lateral movement of the
girders. They were calibrated to 0.001 in and zeroed prior to each test. Potentiometers were also
used to determine changes in length when conductingialdsssts on prestressing strands and
reinforcing bars.

An extensometer was used to measure length during material tests on prestressing
strands, reinforcing bars, and when determining effective prestress. It was calibrated to 0.001 in
and zeroed prioloteach test.

A load cell was used to measure the applied load to the girder. It was calibrated to 1000
Ib and zeroed prior to each test. Load cells were also used to measure applied loads in material
tests.

3.3: Test Procedures

3.3.1: Test I Control Test

Girder A had significant collision damage and sustained additional damage during
removal and transportation from the bridge site to the laboratory. Due to this damage, a 16 ft

section broke off and was used to provide samples for concrete, reinfoacjrand strand
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materials testing. The remaining 44 ft section of the girder was used as a control to determine
the unrepaired girder flexural strength. The supports were located to create a 35 ft span length
which avoided damagsen. |aaddtors thenlead points weeenagatr der 6
midspan, rather they were set at 12.5 and 16.5 ft from one support. This was done to minimize
the potential of a shear failure and maximize the potential for a flexural failure based on the
layout of the skar reinforcement and the strand harping point.

In order to develop the plan for the testgptand decrease the probability of a shear
failure while ensuring the desired flexural failure, the girder nominal moment and shear
capacities were determineding provisions of AASHTO LRFD Bridge Design Specification
(American Association of State Highway and Transportation Officials, 2012) and the girder
material properties (Jones, 2015). The nominal moment capacity of this girder at the points of
load appliation was 29404t. This corresponds to a calculated load of 348 kips. Figure 27
shows the nominal moment capacity of the tested section of Girder A and the maximum
calculated moment resulting from a load of 348 kips. Figure 28 shows the absoluseofahes
nominal shear capacity of Girder A and the maximum shear force resulting from a load of 348
kips. As shown in Figure 28, the maximum shear force is close to, but less than, the nominal
shear capacity at about 13 ft and around 18 ft from theuefport. Other loading arrangements
were investigated, however this loading arrangement was chosen to minimize the potential for a

shear failure since the desired failure mode was flexural (Jones, 2015).
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Test 1 was a flexural test of a 44 ft section of Girder A with a 35 ft simple span length.
The section was supported on two W21x101 steel sections withleearing on one steel section
and a roller bearing on the other. The original sole bearing plate on the girder was placed on top
of the roller bearing while rubber pads were used between the pin bearing and the bottom flange
of the girder. Figure 28nd Figure 30 show the sep of the pin and roller bearings. Two
frames were used to prevent the girder from tipping from lateral deflection during the test.
Figure 31 shows one side of a frame. A third frame was used to hold a 400 kip hydraulic
actuaor above the load points. The actuator exerted a force on a 6 ft long steel spreader beam
resting on two neoprene and steel laminate bearings. The load points were chosen to create a

constant moment region in the area that a flexural failure was desiigaate 32 shows the

loading system saip with the actuator, spreader beam, load frame, and laminate bearings.

.‘»& » 3

Figure 29. Pin Bearing (Photo taken by Mark Jones, used under fair use 2015)
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Figure 31. Frame to Prevent Tipping
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Figure 32. Control Test Loading System (Photo taken by Mark Jones, used under fair use 2015)

Data was continuously recorded using a high speed data acquisition system. Figure 33
shows the instrumeation layout along the length of the girder. Four wire pots were attached to
the bottom of the girder to measure vertical deflection during the test. Figure 34 shows the set
up for wire pots 2 and 3 located directly below the load points. Two LVDT$vwandtrain
transducers were used to record a strain profile within the constant moment region during the
test. They were all placed directly under the centerline of the load point. One LVDT was placed
on each side of the bottom flange of the girder iatfBom the bottom of the girder to measure
the associated strain of the bottom prestress strand while the girder was still in the elastic range
and strain compatibility could be assumed between the concrete and the strand. The strain
transducers were gded on the side of the girder at 41 and 49 in from the bottom of the girder. A
400 kip load cell was placed between the actuator and the load frame to measure the applied

load.
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Figure 34. Wire Pots below Load Point to Measure Deflection (Photo taken by Mark Jones, used under fair

The girder was tested on May 27, 2014 up to a load of 353 kips and a deflection of 1.43
in. Initially, the rate of loading was managedensure there were not effects from sudden or
impact loading. The load was held at approximately 20 kip increments to allow the girder to

settle under the load before it was inspected. At each pause, the girder was inspected and cracks

Figure 33. Test 1 Setip and Instrumentation Plan

use 2015)
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were highlightecand marked. This pace of loading was used from O to 280 kips of total load.
After 280 kips (for safety reasons), the strain transducers were removed and inspection ceased.
The hydraulic pump malfunctioned at 353 kips and a second test was condudted @) 2014

after the pump was replaced. During the second test, the girder-lwasiee. The test was
conducted in a similar manner. The load was increased at 50 kip increments from 0 to 250 kips.
The rate of increase was reduced to 20 kips urgildhd reached 401 kips and was stopped
because it exceeded the design capacity of the test frame.

3.3.2: Test 2 Girder with Eight Severed/Retensioned Strands

Girder B was a 60 ft long girder that was damaged for 4 ft on either side of midspan. Of
the 48 prestressing strands in the bottom flange of the girder, eight were intentionally severed
during damaging. The location of the damage is shown in Figure 35. The locations of the
strands that were severed are shown in Figure 36. Eight ft was chdkerleagyth for the
damage on Girder B based on data from the YRC Freight Company indicating the average width
of a semitrailer as approximately 8 ft (YRC Worldwide, 2015).

Wipf, Klaiber, Rhodes, and Kempers (2004a) reported that some departments of
transportation replace a girder if any strand is damaged from the impact of overheight vehicles.
Other departments of transportation reported that a prestressed girder is replaced when 10% of
strands were damaged. The maximum number of damaged presteds atlowed to be
repaired by any state before the damaged girder would be replaced was 25%. In addition, based
on results in Table 4, eight damaged strands on an AASHTO Type Il girder is the maximum
number of strands to efficiently repair using extdynaonded FRP (Harries, et. al., 2012).
Considering this information, damaging 17% of strands or eight strands was chosen. Subsequent

girders were inflicted with less damage so the data from tests could be scaled to compare results.
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Figure 36. Girder B Cross Section through Damaged Area with Severed Strand Locations Shown

Structural Technologies conducted the repair of the eight severed strands on Girder B

with Grabblt strand splices. The splices were tightened with a torque wrench to-1bS0 ft

which corresponds to 80% of ultimate strength or 160 kips based on the Table 3 provided by the

manufacturer (Prestress Supply Incorporated, 2010). After thelstweere spliced, they were

encased in Tstrata IRC high strength, quick cure concrete. APPENDIX H: gives the repair

procedures followed for the repair concrete. APPENDIX I: Installation of Strand Splices gives

the repair procedures followed for the stiasplices.
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In order to develop the plan for the testgptand decrease the probability of a shear
failure while ensuring the desired flexural failure, the girder nominal moment and shear
capacities were determined using the provisions of AASHTO LRF8gBrDesign
Specifications (American Association of State Highway and Transportation Officials, 2012) and
the tested girder material properties (Jones, 2015). The nominal moment capacity of this girder
at the points of load application was 262@.kThis corresponds to a load of 176 kips. Figure
37 shows the nominal moment capacity of Girder B and the maximum calculated moment
resulting from a load of 176 kips. Figure 38 shows the absolute values of the nominal shear
capacity of Girder B and the maximucalculated shear force resulting from a load of 176 kips.
Other loading arrangements were investigated, however this loading arrangement was chosen to
minimize the potential for a shear failure since the desired failure mode was flexural (Jones,

2015).
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Test 2 was a flexural test of a 60 ft girder with a 58 ft simple span length. The girder was
supportecn two W21x101 steel sections with a pin bearing on one steel section and a roller
bearing on the other. The original sole bearing plates on the girder were placed on top of the
bearings. Figure 39 and Figure 40 show theaupetf the pin and roller beags. Two frames
were used to prohibit the girder from tipping from lateral deflection during the test. A third
frame was used to hold a 400 kip hydraulic actuator above the load points. The actuator exerted
a force on a 12 ft long steel spreader beasting on two neoprene and steel laminate bearings.

The two load points created a constant moment across the repaired section. The loading system
is shown in Figure 41. The location of the load points was chosen to contain all of the repaired
strand setions and splice chucks within the constant moment region. Figure 42 is a picture

along the length of the beam showing an overview of thezet

Figure 39. Roller Bearing (Photo taken by Mark Jones, used under fair use 2015)
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Figure 40. Pin Bearing Photo taken by Mark Jones, used under fair use 2015)

Figure 41. Test 2 Loading System (Photo taken by Mark Jones, used under fair use 2015)
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Figure 42. Test 2 Setip

Data was continuously recorded using a high speed data acquisition system. Figure 43
shows the instrumentation layout. Three wire pots were attached to the bottom of the girder to
measure vertical deflection during the test. Wire pot 1 is shown in Figure 44. A fourth wire pot
was attached to the side of the girder at the load pointtmddateral movement. Two LVDT
and six strain transducers were used to record a strain profile during the test. They were all
placed directly under the centerline of the load point as shown in Figure 45. One LVDT was
placed on each side of the bottdanfye of the girder at 2 in from the bottom of the girder to
measure the associated strain of the bottom prestress strand while the girder was still in the
elastic range and strain compatibility could be assumed between the concrete and the strand.
Straintransducers were placed at midspan on each side of the girder at 6, 41, and 49 in from the
bottom of the girder. Four LVDT gauges were placed at the interfaces of the repair concrete and

the original concrete on the bottom flange of the girder. Theg placed 2 in from the bottom
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of the girder as shown in Figure 46. The gauges on the unrepaired side of the girder were used
as a baseline to evaluate with the gauges on the repaired side and determine if there was a
significant slip along the interfacé the repair section and original concrete. A 400 kip load cell

was placed between the actuator and the load frame to measure the applied load.

Load Cell
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F—4,OO‘ ‘ A.SO‘j 10.00" 8.75" | 3.50" ‘ 8.75" 10.00" ’——4.50‘—T—4.00'47
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Strain Transducers
29'
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34 29' 24
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435 29' 145
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Figure 43. Test 2 Setip and Instrumentation Plan
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Figure 44. Wire Pot 1 at 145 Ft from Roller (Photo taken by Mark Jones, used under fair use 2015)
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Figure 45. Strain Profile Instrumentation Setup (Photo taken by Mark Jones, used under fair use 2015)

Figure 46. LVDT at Repair Interface

The girder was tested on August 21, 20ldtially, the rate of loading was managed to
ensure there were not effects from sudden or impact loading. The load was held at

approximately 40 kip increments to allow the girder to settle under the load before it was
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inspected. At each pause, the girtvas inspected and cracks were highlighted and marked.

This pace of loading was used from 0 to 100 kips of total load. The load increment between
pauses for inspection was decreased to 20 kips from 100 to 160 kips of total load. The load
increment washen decreased to 10 kips from 160 to 195 kips of total load. After 170 kips (for
safety reasons), the strain transducers were removed andiplasgpection and marking of

cracks ceased. The load was increased to 195 kips and 3.39 in of deflectiooneled the
prestressing strands failed. The load fell to 191 kips and was increased again to 193 kips when a
second strand failed causing the load to fall to 184 kips. At this point, the test was determined to
be a flexural tension failure.

3.3.3: Test31 FRP Repaired Girder with Four Severed Strands

For test 3, Girder C, a 60 ft girder, was damaged for 2 ft on either side of both third
points. Of the 48 prestressing strands in the bottom flange of the girder, four were intentionally
severed at eacbdation during damaging. Four feet was chosen as the length for damage to
allow Girder C to be damaged in two locations as shown in Figure 47. The two damage
locations allowed two repair techniques to be tested on the same girder without one repair
infuencing the other repairds test results.
number of severed prestressing strands was reduced to four strands. Figure 48 shows the

locations of the strands that were severed during the damaging process.
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Figure 47. Girder C Damage Locations
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Figure 48. Girder C Cross Section through Damaged Area with Severed Strand Locations Shown

Structural Technologies conducted the repair of the damagedlocatiGirder C for
Test 3 with Tstrata IRC as a patch and\Wap C400 FRP composite.-Wrap C400 FRP is a
0.08 in thick fabric with YWWrap 700 ambient cure epoxy resin provided by Structural
Technologies (International Code Council Evaluation Service420After the concrete patch
was placed and allowed to cure, the FRP was installed. APPENDIX H: Common Repair

Procedures gives the repair procedures followed for the repair concrete. APPENDIX J: Fiber
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Reinforced Polymer Repair Procedures gives the rgpacedures followed for the FRP
application.

Two iterations of Test 3 were conducted. During the first iteration, flexural cracking was
observed in vicinity of the second repair to be tested during Test 4. In addition, shear cracking
was observed in hmidspan region where there is no shear reinforcement. In order to ensure
that Test 406s results were not adversely affe
was completed. At that time, test iteration two was conducted. In orderdimple¢he plan for
the test setip and decrease the probability of a shear failure while ensuring the desired flexural
failure, the girder nominal moment and shear capacities were determined using the provisions of
AASHTO LRFD Bridge Design Specificatiofidmerican Association of State Highway and
Transportation Officials, 2012) and the tested girder material properties (Jones, 2015).

The nominal moment capacity of this girder at the points of load application was-3410 k
ft. This corresponds to a load 283 kips for iteration 1 and 268 kips for iteration 2. Figure 49
shows the nominal moment capacity of Girder C and the maximum calculated moment resulting
from a load of 293 kips. Figure 51 shows the nominal moment capacity of Girder C and the
maximum @lculated moment resulting from a load of 268 kips. Figure 50 shows the absolute
values of the nominal shear capacity of Girder B and the maximum calculated shear force
resulting from a load of 293 kips. Figure 52 shows the absolute values of the neimaizal
capacity of Girder B and the maximum calculated shear force resulting from a load of 268 kips.
Other loading arrangements were investigated, however this loading arrangement was chosen to
minimize the potential for a shear failure since the desaihate mode was flexural (Jones,

2015).
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Figure 49. Nominal Moment Capacity versus Calculated Failure Moment for Test 3, Iteration 1
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Figure 50. Nominal Shear Capacity versus Calculated Shear for Test 3, Iteration 1
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Figure 52. Nominal Shear Capacity versus Calculated Shear for Test 3, Iteration 2
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Test 3 was a flexural test of a 60 ft girder with a 48 ft simple span length for the first
iteration and a 53 simple span length for the second iteration. The girder was supported on
two W21x101 steel sections with a pin bearing placed on one steel section and a roller bearing
placed on the other. The original sole bearing plate on one end of the girder ceasqguldop of
the roller bearing while rubber pads were used between the pin bearing and the bottom flange of
the girder. The span length was extended for the second iteration to reduce shear force in the
midspan region of the girder where there is lésmsreinforcement. Figure 53 shows the test
setup along the length of the girder. Figure 54 shows the pin for the first iteration. Figure 55
shows the pin location for the second iteration. Figure 56 shows the roller location for both
iterations. Tw frames were used to prohibit the girder from tipping from lateral deflection
during the test. A third frame was used to hold a 400 kip hydraulic actuator above the load
points. The actuator exerted a force on a 6 ft long steel spreader beam restiogheaprene
and steel laminate bearings that translated the load into a constant moment region between two
load points. The load points were chosen so all of the severed strand sections within the constant

moment region. The selp of the loading system shown in Figure 57.
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Figure 53. Test 3 Setip
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Figure 54. Test 3, Iteration 1 Pin Location (Photo taken by Mark Jones, used under fair use 2015)
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Figure 56. Test 3 Roller Location (Photo taken by Mark Jones, used under fair use 2015)
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Figure 57. Test 3 Load Point

Data was continuously recorded using a high speed data acquisition system. Figure 58
shows the instrumentation layout along the lengtlinefgirder for the first iteration and Figure
59 shows the instrumentation layout along the length of the girder for the second iteration. Three
wire pots were attached to the bottom of the girder to measure vertical deflection during the test.
A fourth wire pot was attached to the side of the girder at the load point to measure any lateral
movement. Two MLVDTs and six strain transducers were used to record a strain profile during
the test. They were all placed directly under the centerline of the ¢aid ©ne MLVDT was
placed on either side of the bottom flange for the girder at 2 in from the bottom to try to measure
the associated strain of the bottom prestress strand while the girder was still in the elastic range

and strain compatibility could Essumed between the concrete and the strand. The strain

66



transducers were placed on either side of the girder at 6, 41, and 49 in from the bottom of the
girder. Figure 60 and Figure 61 show the layout of the strain transducers on each side of the
girder. One LVDT was placed on each side of the girder at both interfaces between the FRP and
the girder as shown in Figure 62. These were used to measure any slip along the interface that
may indicate a failure with the adhesive. A 400 kip load cell was plaeteeeen the actuator

and the load frame to measure the applied load.

Load Cell
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335 19 8.5'
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Figure 58. Test 3, Iteration 1 Test and Instrumentation Setip
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Figure 59. Test 3, Iteration 2 Test and Instrumentation Setip
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Figure 60. Strain Transducers on Damaged/Repaired Side of Girder (Photo taken by loannis Koutromanos,

used under fair use 2015)

Figure 61. Strain Transducers on Undamaged Side of Girder
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Figure 62. LVDT at FRP and Concrete Interface

The girder wasdsted on October 21, 2014. Initially, the rate of loading was managed to
ensure there were not effects from sudden or impact loading. The load was held at
approximately 20 kip increments to allow the girder to settle under the load before it was
inspectd. At each pause, the girder was inspected and cracks were highlighted and marked.
After 260 kips (for safety reasons), the strain transducers were removed and up close inspection
ceased. The load was increased to 312 kips and 3.16 in of deflectiotheHkexural cracking
approached the four strand splice repair section to be tested in Test 4. In addition, shear cracks
in the web of the girder started to form in locations with minimal shear reinforcement as shown
in Figure 63. In order to avoid dagiag the four strand splice repair section, propagating shear
cracking, and adversely affecting the results of Test 4, the test was stopped and a second test to
load the girder to failure was scheduled for after the completion of Test 4. Figure 64 lshows t
cracking observed at the load point near the peak load prior to stopping the test. The second

iteration was conducted on December 18, 2014. At 180 kips, the actuator slipped and was no
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longer exerting a consistent vertical force on the girder. Adramhold the actuator level used

in the second iteration of Test 4 was used to try to keep the actuator from slipping. The frame is
shown in Figure 65. After the third attempt to load the girder to failure, the concrete in the
constant moment region beten the load points showed evidence indicating a flexural

compression failure similar to Test 4 and the test was determined to be complete.

Figure 63. Shear Cracking in Midspan Region during Iteration 1 (Photo taken by loannis Koutromanos, used

under fair use 2015)
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Figure 64. Cracking Near Peak Load for Iteration 1 (Photo taken by loannis Koutromanos, used under fair

use 2015)
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Figure 65. Brace for Actuator (Photo taken by Mark Jones, used under fair use 2015)

3.3.4: Test 4 Girder with Four Severed/Re-tensioned Strands

For Test 4, Girder C, a 60 ft girder, was damaged for 2 ft on either side of the third point.
Of the 48 prestressing strands in the bottom flange of the girder, four were intentionally severed
during damaging. Four feet was chossrthe length for damage to allow Girder C to be
damaged in two locations. The two damage locations allowed two repair techniques to be tested
on the same girder without one repair influen
reducing thdength of damage, the number of severed prestressing strands was reduced to four
strands.

Structural Technologies conducted the repair of the four severed strands on Girder C for
Test 4 with Grabht strand splices. The splices were tightened with gu@mrench to 150-ft
Ibs which corresponds to 80% of ultimate strength or 160 kips based on the Table 3 provided by
the manufacturer (Prestress Supply Incorporated, 2010). After the strands were spliced, they

were encased in Tstrata IRC, a high strengiick cure concrete. APPENDIX H: gives the
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repair procedures followed for the repair concrete. APPENDIX I: Installation of Strand Splices
gives the repair procedures followed for the strand splices.

Two iterations of Test 4 were conducted. During tret fteration, the actuator slipped
longitudinally in relation to the girder. For the second iteration, the span length was decreased to
reduce the curvature of the beam at the load point and reduce the potential of the actuator
slipping. In order to deelop the plan for the test sep and decrease the probability of a shear
failure while ensuring the desired flexural failure, the girder nominal moment and shear
capacities were determined using the provisions of AASHTO LRFD Bridge Design
SpecificationgAmerican Association of State Highway and Transportation Officials, 2012) and
the tested girder material properties (Jones, 2015).

The nominal moment capacity of this girder at the points of load application was 2660 k
ft. This corresponds to a load 87 kips for iteration 1 and 216 Kips for iteration 2. Figure 66
shows the nominal moment capacity of Girder C and the maximum calculated moment resulting
from a load of 187 kips for iteration 1. Figure 68 shows the nominal moment capacity of Girder
C and the maximum calculated moment resulting from a load of 216 kips. Figure 67 shows the
absolute values of the nominal shear capacity of Girder B and the maximum calculated shear
force resulting from a load of 187 kips. Figure 69 shows the absolutes\afltiee nominal
shear capacity of Girder B and the maximum calculated shear force resulting from a load of 216
kips. Other loading arrangements were investigated, however this loading arrangement was
chosen to minimize the potential for a shear failimeesthe desired failure mode was flexural.

In addition, it minimized the potential for slipping from the actuator (Jones, 2015).
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Figure 66. Nominal Moment Capacity versus Calculated Failure Moment for Test 4, Iteration 1
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Figure 68. Nominal Moment Capacity versus Calculated Failure Moment for Test 4, Iteration 2
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Figure 69. Nominal Shear Capacity versus Calculated Shear for Test 4, Iteration 2
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Test 4 was a flexuraést of a 60 ft girder conducted in two iterations with a 58 ft simple
span length for the first iteration and a 50 ft simple span length for the second iteration. The
girder was supported on two W21x101 steel sections with a pin bearing placed onlone stee
section and a roller bearing placed on the other. The original sole bearing plates on the girder
were placed on top of the bearings for the first iteration. For the second iteration, rubber pads
were placed between the roller bearing and the bottdtreafirder. Figure 70 shows the
location of the roller for the first iteration. Figure 71 shows the location of the roller for the
second iteration. Figure 72 shows the location of the pin for both iterations. Two frames were
used to prohibit the girddrom tipping from lateral deflection during the test. A third frame was
used to hold a 400 kip hydraulic actuator above the load points. The actuator exerted a force on
a 6 ft long steel spreader beam that translated the load into a constant mooerie®geen
the two load points. The load points were chosen so all of the repaired strand sections and splice
chucks within the constant moment region. During this iteration, the curvature of the girder
caused the actuator to appear that it would slipod plumb. In order to reduce the impact of the
curvature, the span length was decreased from 58 ft to 50 ft for the second iteration by moving

the roller bearing 8 ft closer to the pin.
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Figure 70. Test 4, Iteration 1 Roller Location (Photo taken by Mrk Jones, used under fair use 2015)

Figure 71. Test 4, Iteration 2 Roller Location (Photo taken by Mark Jones, used under fair use 2015)
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Figure 72. Test 4 Pin Location (Photo taken by Mark Jones, used under fair use 2015)

Data was continuously recomi@sing a high speed data acquisition system. Figure 73
shows the instrumentation layout for the first iteration. Figure 74 shows the instrumentation
layout for the second iteration. Three wire pots were attached to the bottom of the girder to
measure @rtical deflection during the test. A fourth wire pot was attached to the side of the
girder at the load point to measure any lateral movement. Two MLVDTSs and six strain
transducers were used to record a strain profile during the test. They wereeallgilfectly
under the centerline of the load point. One MLVDT was placed on either side of the bottom
flange of the girder at 2 in from the bottom to try to measure the associated strain of the bottom
prestress strand while the girder was still in tlzesid range and strain compatibility could be
assumed between the concrete and the strand. The strain transducers were placed on either side
of the girder at 41 and 49 in from the bottom of the girder. One strain transducer was placed at 6
in from the batom of the girder on the near side of the girder and one was placed at 4 in from the

bottom of the girder. These were offset due to damage to the surface of the girder that did not
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allow them to be placed directly across from each other. The damdgemvs s Figure 75.

The setup of the strain transducers is shown in Figure 76. Four LVDT strain gauges were

placed at the repair interface. One was placed on each end of the repair with one on the opposite
side of the girder. The two on the undamagdd were used to compare the strain at the

interface to indicate any slipping between the new and the old concrete. A 400 kip load cell was

placed between the actuator and the load frame to measure the applied load.
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Figure 73. Test 4, Iteration 1 Setup and Instrumentation Plan
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Figure 74. Test 4, Iteration 2 Seup and Instrumentation Plan
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Figure 75. Damage on Girder near Strain Transducer Location (Photo taken by loannis Koutromanos, used

under fair use 2015)

Figure 76. Strain Transducer Setup Below Load Point
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The girder was tested on 20 November 2014. Initially, the rate of loading was managed
to ensure there were not effects from sudden or impact loading. The load was held at
approximaely 25 Kip increments to allow the girder to settle under the load before it was
inspected. At each pause, the girder was inspected and cracks were highlighted and marked.
This pace of loading was used from 0 to 100 kips of total load. The load in¢reetereen
pauses for inspection was decreased to 20 kips from 100 to 180 kips of total load. After 200 kips
(for safety reasons), close visual inspection and marking of cracks ceased. The load increment
between pauses was decreased to 10 kips. Durusgpainspections were made from a safe
distance to see if there were any early indications of failure or safety issues. The load was
increased to 241 kips and 4.12 in of deflection when the actuator appeared as though it would
slip out of plumb with thgirder. The span length was decreased to reduce the curvature of the
beam when loaded. In addition, a frame was constructed to hold the piston in place so it would
continue to impose a downward force throughout the test. A second test was conduéted on 2
November 2014. The load was increased at 50 kip increments until it reached 200 kips of total
load. It was then increased at 10 kip increments to allow for visual inspection of the actuator for
signs of slip. At 265 Kips, the concrete in the constamtnent region between the load points

crushed resulting in a flexural compression failure.
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CHAPTER IV: Results and Discussion

4.1: Introduction

This section compares the tested and calculated data from the reported tests. The
cracking and failure moménfor each test are evaluated and compared to predictions of the
girder6s behavior wusi ng -cavatard digQram, and odméaat i on s ,
finite element modeling. In addition, it looks at how well the strand splices and FRP repairs to
resore the girders strength is investigated.

4.2: Material Properties

4.2.1: Girder Concrete

Table 7 summarizes the failure loads, compressive strengths, and average compressive
strength of the cores collected from the girder and the deck. Table 8 sumrtteifeekire
loads, tensile strength, and average tensile strength of the cores collected from the girder. The
average compressive strength in the girder was 6,650 psi, which is greater than 5,000 psi as
required by the bridge plans which are provideARPENDIX A: Arcadia Bridge Blueprints.
The average compressive strength in the deck was 6,020 psi, which is greater than the typical
required bridge deck concrete compressive strength of 4,000 psi. The average tensile strength

was 424 psi. Figure 77 she the concrete core sample after the tensile splitting test.

Table 7. Girder and Deck Concrete Compressive Strength

Sample | Cylinder # | Load (lbs) | Diameter (in) | Area (in?) | Strength (psi) | Average (psi)

39,000 2.75 5.94 6570

Girder 1 6650
2 40,000 275 5.94 6730

Seck 3 35,000 275 5.04 5890 5020
4 36,500 275 5.04 6150
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Table 8. Girder Concrete Tensile Strength

. . . . Strength Average
Cylinder # Load (Ibs) | Diameter (in) | Length (in ; ;
y (Ibs) (n) | Length (in) |~ 'S (0s)
5 7,500 2.75 4.50 386 424
6 10,000 2.75 5.00 463

Figure 77. Girder Concrete Tensile Test

4.2.2: Tstrata IRC Repair Concrete

Table 9 summarizes the failure loads, compressive strength, and average compressive
strength for the cylinders collected from the repair concrete. The average compressive strength
at 24hours was 4,060 psi, which does not meet the advertised design strength of 4500 psi
(Structural Group Incorporated, 2015). The average compressive strength was 5,730 psi at 48

hours. The design strength for 48 hours was not advertised. The averagessirastrength
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was 6,250 psi at 7 days, which does not meet the advertised design strength of 7700 psi
(Structural Group Incorporated, 2015).

Table 9. Repair Concrete Compressive Strength

Test . .
— A e e
(days)
1 24 hr |—2° 4 126 | 3580 4060 | 4500
2 57 4 126 | 4540
3 sahy |69 4 126 | 5490 c730 _
4 75 4 126 | 5970
5 7 day |82 4 126 | 6530 620 | 7700
6 75 4 126 | 5970

4.2.3: Girder Reinforcement

Table 10 summarizes th&ilure loads, tensile strengths, and average tensile strength of
the reinforcing steel samples collected from the girder. The average tensile strength was 78.5
ksi. The average failure tensile strength is consistent with grade 40 reinforcing steel, (Nils
1987). Figure 78 shows the stress strain relationships for both tests.

Table 10. Reinforcing Bar Failure Tensile Strength

. . Average Average
Bar # (II(?ag) Dlag?lt)ater '2:?2? \({ll(ili()j Yield Strength (ksi) Strength
p (ksi) (ksi)
52.3
16,000 0.5 0.20 493 81.4 785
14,900 0.5 0.20 46.2 75.6
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Figure 78. Reinforcing Bar Stress Strain Relationship

4.2 .4: Prestressing Strand

Table 11 summarizes the failure loads, tensile strengths, and average tensile strength of
the prestressing strand gales collected from the girder. The average tensile strength was 262
ksi. The average tensile strength indicates 250 grade prestressing strands (Nilson, 1987) which is
consistent with the bridge plans shown in APPENDIX A: Arcadia Bridge BlueprintsreFrigu
shows the failure of the prestress strand with one wire rupturing. Figure 81 shows the stress

strain relationship from the prestress strand tensile tests and the bilinear approximation used

during analytical analysis.
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Table 11. Prestress Strand $&ngth

. . Average Average
Strand# | Load (Ibs) D”"(?r‘ster ’arn%‘)" \((I'(es'i‘;' Yield | Strength (ksi) | Strength
(ksi) (ksi)
20,500 0.375 0.08 218 214 257 262
21,400 0.375 0.08 210 267

Figure 79. Prestress Tensile Test Strand Rupture (Photo takdyy Mark Jones, used under fair use 2015)

Table 12 summarizes the initial length, change in length, strain, and effective prestress
force for each strand from the effective prestress tests. As discussed, the results of the second,
third, fourth, and sixthstrands indicate that the extensometer slipped. When averaging only the
first and fifth strands, the effective prestress force was 132 ksi. Using AASHTO equation
5.9.5.31 to estimate timelependent losses, the approximate effective prestress foncosétes

is 143 ksi. The calculated result of 132 ksi is within 8 % of the stress calculated using the

AASHTO approximation.
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Table 12. Effective Prestress Force

Strand # | Initial Length (in) Lengtzn(ihange i;r/?r':)] PreEIEE%VISorce
1 2.0104 0.0102 0.0051 137
2 2.0085 0.0191 0.0095 257
3 2.0057 0.031 0.0155 417
4 2.0131 -0.0012 -0.0006 -16.1
5 2.0071 0.0095 0.0047 128
6 2.0059 0.0254 0.0127 342

4.2.5: V-Wrap C400 FRP Repair System Materials

FRP composite samples were tesaethe University of Miami for tensile strength (Pino
& Nanni, 2015). The tensile strength tests provided ultimate strength, modulus of elasticity, and
ultimate strain. Table 13 shows the results of therdp C400H FRP -ply and 2ply tension
tests. The results show that the average strength of a single ply of FRP is 188 ksi and a double
ply is 136 ksi, which are both greater than the advertised design value of 121 ksi (Structural
Group Incorporated, 2015). The average modulus of elasticity fomtfe ply was 11000 ksi,
which is less than the advertised design modulus of elasticity of 11900 ksi (Structural Group
Incorporated, 2015). The average modulus of elasticity for the double ply is 12100 ksi, which is
greater than the advertised moduluglakticity. The average ultimate strain was 0.017 for the
single ply and 0.011 for the double ply, which are both greater than the advertised ultimate strain

of 0.0085 (Structural Group Incorporated, 2015).
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Table 13. FRP Tensile Test Results

Sample | Ply Ultimate Load Ultimate Strength Ultimate Strain Modulus of Elasticity
# # (kips) (ksi) (infin) (ksi)
1 1 14400 185 0.017 11100
2 1 15000 196 0.018 11000
3 1 13600 178 0.016 11000
4 1 13800 187 0.018 10700
5 1 14400 191 0.017 11400

Averages: 188 0.017 11000
6 2 23400 140 0.012 12000
7 2 22600 135 0.011 12000
8 2 22300 133 0.010 12900
9 2 21900 132 0.010 12800
10 2 22700 138 0.013 10800

Averages: 136 0.011 12100

4.2.6: Grabb-It Splice Chuck

Table 14 shows the results from the splice chuck ttgsts (Bao, 2015). The table
relates the design stress applied to the strand at a given torque to the tested stress applied to a
strand. The design stress is found using Table 3 provided by the splice chuck manufacturing
company to correlate a desirsiiless with the required torque to achieve that stress (Prestress
Supply Incorporated, 2010). The test averages are also reported as a percentage of the design
stress. As the splice reached higher tensile strengths, the results failed to reach tiiatheore
values as shown in Figure 80 (Bao, 2015). The applied torque during the installation of the
strand splices for tests two and four was 1804dtfor a design stress of 200 ksi. However,
based on the torque splice chuck tests, the strand stresspmomding to a torque of 150lffts
was 163 ksi. For the AASHTO calculations, the 163 ksi was used in the tested material property
calculations and 200 ksi was used for the design material property calculations. For the-moment

curvature calculations, thested value of 163 ksi was used. In the finite element models, the
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design value of 200 ksi was used. The AASHTO calculations were completed with both values

to compare the nominal moment using design values to the tested moment in the event actual
mateial properties cannot be determined through testing. In addition, the calculations were done
with the tested values to compare the accuracy of the equations to the tested values. Table 15
shows the results from the tensile tests on the spliced sthaadl.three test, the strands failed

prior to the splice chuck. In addition, the strand used for these tests was 270 grade prestressing
strands while the strands tested in the girder were 250 grade. Based on these results, the strands
should falil in tesion before the splice chuck (Bao, 2015). The effective stress provided by the
splice chuck as tested is lower than the design stress. The lower stress would lower the cracking

moment and allow cracks to form earlier which could increase the potemnt@rfosion.

Table 14. Strand Splice Chuck Torque Test Results

Torque Tes_t 1 Tesf[ 2 Tes'.[ 3 Avergge Desi.gn O{?e'i}/;;a\?se
(ft-lbs) (ksi) (ksi) (ksi) (ksi) (ksi) Design '

40 57 69 78 68 54 127

50 68 87 86 80 67 120

75 87 101 110 99 101 99

100 114 126 130 123 134 92

125 130 144 145 140 168 83

150 145 172 171 163 200 81
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Figure 80. Strand Splice TorqueTension Relationship

Table 15. Spliced Strand Tension Test

Length Stress
Test# | Load (Ibs) | Chuck-to-Chuck . Failure
() (ksi)
1 23300 16 291 Strand Fracture
2 22800 6 285 Strand Fracture
3 24000 4 299 Strand Fracture
Average: 23300 292
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4.3: Analytical Modeling

4.3.1: Calculations Based on AASHTO Guidelines

This method for calculated nominal moment capacity of prestressed conalgee bri
girders presented in AASHTO (American Association of State Highway and Transportation
Officials, 2012) uses equilibrium across the girder cross section to determine the neutral axis
depth and the resulting forces in the concrete and in the stranddortéa in the strands is
assumed to act at a single location at the strand centroid and is calculated using AASHTO
equation 5.7.3.1:1. The compression force in the concrete was determined using a rectangular
approximation of the stress distributionne@ the neutral axis was determined, the nominal
moment was calculated using AASHTO equation 5.7.312.Zhe cracking moment was
calculated using AASHTO equation 5.7.3-:3.2 Table 16 summarizes the cracking and nominal
moments. The equations usedhe AASHTO nominal and cracking moments are found in
APPENDIX B: AASHTO Calculations.

The design values given in the original bridge plans of 5,000 psi for the concrete in the
girder and 4,000 psi for the concrete in the deck were used to calculatsigrerdeminal
moment capacity. In addition, the nominal moment capacity was calculated based on tested
material properties of 6650 psi for the concrete in the girder and 6020 psi for the concrete in the
deck. The tensile strength of the concrete in theegiused for calculations was the tested value
of 424 psi. To calculate the effective prestress force, the results of the effective prestress tests
one and five were averaged based on the inconclusive results obtained from the other tests. This
gave areffective prstress force of 132 ksi. The tested average of 163 ksi was used to predict the
effective prestress restored by the strand splice. The prestressing ultimate strength for

calculations was based on the tested ultimate strength of 262 ksi.allies for the FRP
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composite system used in the calculations were based on the tested values for double ply samples
of 12100 ksi for the modulus of elasticity, 0.011 in/in as the ultimate strain, and 136 ksi as the
ultimate strength.

In order to simulatéhe damage to the girder for tests two, three, and four, the total area
of prestress strands was reduced by the number of severed strands associated with that test at the
damaged area of the girder. This reduced the effective prestress force whesntisehstd
been severed. Next, to simulate the repair, the effective strengths were added back in as an
additional tensile force. For the strand splices (tests two and four), the ultimate and yield stresses
in the spliced strands were calculated as a vietaverage. During strand splice testing, the
strands failed prior to the splice chucks, therefore, the calculations using tested properties
assumed 100% of the ultimate and yield stresses of 262 ksi and 242 ksi. For the design values,
the ultimate stres was approximated at 90%, or 225ksi, based on manufacturing tables as
presented in Table 3 (Prestress Supply Incorporated, 2010).

For Test 3, the FRP was modeled as additional tensile reinforcement. In order to
determine the neutral axis, the testdinate stress for-ply of 136 ksi was used in the tested
material properties calculations and design ultimate stress of 121 ksi was used in the design
material properties calculations. In order to calculate the effective force in the FRP at failure, the
strain in the fabric was calculated by relating it proportionally to the additional strain in the
prestressing strand at failure and the neutral axis. The initial strain in the strand was calculated
to be 0.00489 in the momeatirvature calculations andas subtracted from the yield strain of
0.01 to calculate the change in strain in the FRP. The tested modulus of elasticity of 12,100 ksi

was used to determine the stress in the fabric and the tensile force in the tested calculations and
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the design modulusf 11,900 ksi was used in the design calculations. Example calculations are
presented in APPENDIX B: AASHTO Calculations.

Table 16. AASHTO Mn Calculation Summary

Design Material Properties | Tested Material Properties
Test Description # Severed | L
P Strands | (ft) M cr,aasHTO M n,aasHTO M cr,aasHTO M n,aasHTO
(k-ft) (k-ft) (k-ft) (k-ft)
1 Control Test 0 35 1780 2720 1770 3260
2 8-Strand 8 58 181 2380 181 3060
Spliced
Itera:'?ibn 1 4-Severed 48
3 Strands 4 201 2960 201 3540
N with FRP 53
Iteration 2
4 58
Iteration 1 4—Strand 4 189 2350 189 3030
4, Spliced
. 50
Iteration 2

4.3.2: MomentCurvature Based on Strain Compatibility

In order to predict the complete load cycle, a moreainvature analysis of each girder
was performed (Michael, 2010). @lanalysis included six points: no applied moment,
decompression of concrete around strand, first flexural cracking, top concrete fiber strain of
0.0015 in/in, prestress strand yield strain of 0.009 in/in, and top concrete fiber strain of 0.003
in/in. Thefailure mode assumed for each scenario was concrete crushing. The strand tensile
stress strain behavior used in these calculations is given in Figure 81. The idealizeddrsiress
diagram was developed by Gangi (2015) and used in the finite elemdatimgoas a bilinear
approximation of the stresdrain results obtained during the prestress strand tests (Gangi, 2015).
For the concrete stress versus strain relationship, the modified Hognestad model was used
(Hognestad, 1956). Asymmetrical bendingswt considered in these calculations. Biaxial

bending analysis determined that the strand centroid moved laterally 1.6 in when eight strands
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were severed and 0.77 in when four strands were severed. In addition, each strand provided
approximately two peent of the prestress force and when compared to the overall load, the load
from the individual strands was relatively small. The nominal capacity of the girders when
accounting for biaxial bending changed from 2390tk 2260 kft for the eight strandplice

which is a difference of less than 6%. Because of the relatively small change in nominal
capacity between the uniaxial and biaxial loading cases, biaxial bending was not considered.

Example momenturvature calculations are found in APPENDIX Q:aBt
Compatibility MomentCurvature Calculations. The nominal moment capacity was calculated
based on tested material properties of 6650 psi for the concrete in the girder and 6020 psi for the
concrete in the deck. The tensile strength of the concréte igirder used for calculations was
the tested value of 424 psi. To calculate the effective prestress force, the results of the effective
prestress tests one and five were averaged based on the inconclusive results obtained from the
other tests. Thisaye an effective prstress force of 132 ksi. The tested average of 163 ksi was
used to predict the effective prestress restored by the strand splice. The prestressing ultimate
strength for calculations was based on the tested ultimate strength of 282é&sialues for the
FRP composite system used in the calculations was based on the tested values for double ply
samples of 12100 ksi for the modulus of elasticity, 0.011 in/in as the ultimate strain, and 136 Kksi
as the ultimate strength.

Table 17 summazes the results of the nominal moment calculated using mement
curvature. It shows the moments for the damaged and repaired girders for each test. Included are
the moments at decompression, cracking, a strain in the concrete top fiber of 0.0015, a yield
strain in the strands of 0.009 in/in, and a compressive failure strain in the concrete top fiber of

0.003 in/in. Also presented is the percent of nominal strength when compared to the control test.
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Figure 82 shows the momeaairvature behavior for Test the damaged girders, and the
repaired girders. Also, the maximum nominal moments based on the moumneaiiure

calculations are labeled.
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Figure 81. Prestress Steel StressStrain Relationship Gangi, M. (2015). Nonlinear Beam Modeling of the
Repair of Impact-Damaged Prestressed Bridge Girders. Virginia Polytechnic and State University,

Department of Civil and Environmental Engineering. Blacksburg: Virginia Center for Transportation

Innovation and Research, Used under fair use, 2015
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Table 17. MomentCurvature Calculation Summary

.. # Severed Mdecomp md Mcr, nl Mo. oozt My,m(i Mn | mi % of Mn
Test Description Strands | (k-ft) | (k-ft) | (k-ft) | (k-ft) | (k-ft) | Control
1 Control Test 0 1660 1770 2880 3270 | 3350 -
> 8-Strand | Damage 8 1350 1510 2290 2750 | 2820 84
Splice Repair 1620 137* 2510 3220 | 3270 97
3 4-Strand | Damage 4 1480 1610 2440 2950 | 3000 90
FRP Repair 1480 132* 2880 3460 | 3580 107
4 4-Strand | Damage 4 1480 1610 2440 2950 | 3000 90
Splice Repair 1620 118* 2470 3170 | 3220 96
*First Cracking Occured ithe Repair Section

4000

Moment (kft)

-50 0 50 100 150 200 250
Curvature §¢ Uh)

—=—Test 1 (Control) —o—Test 2 (Damaged)
—o—Test 2 (Repaired) —o—Tests 3 and 4 (Damaged)
—e—Test 3 (Repaired) —+—Test 4 (Repaired)

Figure 82. Calculated MomentCurvature Behavior

Calculations for the repaired girders were made by adding the repaired sections as an
additional force acting on the girder cross section and using strain compatibility to deteamine th
stress in the repair. First, the strength of the damage girder was calculated by reducing the
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effective prestressing force by the number of severed strands. Next, the repairs were added back
in as an additional force. The manufacturing tables wer tasgetermine the amount of

effective stress to add from the strand splices. The force from the strand splices was added at the
centroid of the prestressing strands. The FRP was added as an additional force at the centroid of
the fabric repair and stracompatibility was used to calculate the effective force provided by the
fabric at each point along the momenirvature diagram.

The cracking moment for the repaired section was calculated for the repair concrete. The
cracking moment in these locatiolssmuch lower than in the original concrete because the patch
was not precompressed by the prestressing strands. This is important for serviceability because
cracking in the repair can allow moisture to reach the repaired strands and can cause corrosion
and deterioration.

4.3.3: NorrLinear Finite Element

OpenSees was used to build a+oear finite element model of the girder (Gangi,

2015). The two dimensional model of the girder was built using beam elements that could be
analyzed in two dimensionather than three dimensional elements. This is possible because of
the relative length of the girder when compared to its height and width. Also, the load is applied
along the axis perpendicular to the length allowing a two dimensional analysis.

The dek width of 16 in and thickness of 8.75 in were assumed to be constant along the
length of the girders for all models. A compressive strength of 5 ksi was used for both the girder
and deck concrete. The strestgain relationship of the concrete was apmated using a
Hognestad model with a peak compressive strength of 6.65 ksi for the girder and 6.02 ksi for the
deck. The tensile strength was assumed to be 10% of the compressive strength, or 0.665 ksi for

the girder and 0.602 ksi for the deck. Thegress strands were modeled as having an ultimate
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strength of 250 ksi and an initial strain of 0.00519 which corresponded to an effective prestress
of 140 ksi. The stresstrain relationship used for the prestressing strand model as shown in
Figure 81 s the bilinear approximation of the tested stssain relationship for the prestressing
strands. The FRP was modeled with the design modulus of elasticity of 10,700 ksi, a debonding
strain of 0.00517, and a design rupture strain of 0.014.

Simulations vere run for the undamaged, damaged and repaired girder for each repair
method. The finite element simulations for Test 2 and Test 4 considered in this report assumed
90% of the ultimate strength, or 225 ksi, was restored by the strand splices and ridyaitede
section of concrete remained bonded to the original concrete in the girder. Table 18 shows the
maximum nominal moment capacities determined by the finite element modeling (Gangi, 2015).
Also in Table 18 is the percentage of predicted strengmnerated when compared to the
nominal moment from the control test and the failure mode used in each finite element model as
prescribed by AASHTO. The girder failed in flexure with a concrete compressive strain in the
top fiber of the deck of 0.003 in/for test 1, test 3, and test 4. The simulation was also run with
a FRP debonding failure in test 3 at a strain of 0.0052 in/in as per ACI provisions. Test 2 had a
flexural tension failure in which a spliced strand ruptured at a stress of 225 ksi @f 8086

ultimate strength (Gangi, 2015).
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Table 18. Finite Element Analysis Results

Test ;2?;? #S?;vnedrgd '(\a"fg M?Zﬂtrm Failure Mode
1 C?.ZZ?' 0 3190 - Concrete Crush at 0.003 in/in
2 8?;:@2" 8 2750 86 Spliced Stand Rupture at 225 ks
BRI
j ::z::::z; ; 4'5851332(1 4 2218 : Concrete Crush at 0.003 in/in

4.4: Laboratory Tests

4.4.1: Test Resultverview

As previously discussed, the width of the deck varied from Girder A to Girders B and C.
This variance caused a variation in the-gedight. Table 19 shows the different deck widths,
the selfweight from the deck and girder as a distributexijaand the applied moment from just
the selfweight at the point of the maximum applied moment. Table 20 summarizes the results
of the girder flexural tests. Included in the table are number of damaged strands, span length,
calculated nominalmomentag i t i es ( Mn, AASHTO, Mn, mad, Mn, FE)
(Ma,fail) of the tests covered in this report. Table 21 summarizes the results of the tests and the

calculated cracking moments.

Table 19. Girder SelfWeight Moments

Girder | Test Description Decl(<irY)\/|dth Selz-ll//\]fglght Msoenlf'evr\]/f Eghftt)
A 1 Control Test 16 0.729 111
B 2 8-Strand Spliced 11 0.684 282
c 3 | 4-Strands Severed with FRP 11 0.684 194
4 4-Strand Spliced 11 0.684 265
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Table 20. Nominal and Failure Moment Summary

- # Severed M n,aasHTO M n,ma Mnre (K- | Magai (K-
Test Description Strands L (ft) (k-ft) (k-ft) ft) ft)
1 Control Test 0 35 3260 3350 3190 3180
2 8-Strand 8 58 3060 3270 | 2750 | 2750
Spliced
3, lteration 1 | _4-Strands 48 3540
Severed with 4 3540 3580 3870
3, lteration 2 FRP 53 3410
4, Iteration 1 R 58 2910 3190
4 Sf.ra”d 4 3030 3220
4, lteration 2 Spliced 50 2910 3140
Table 21. Cracking Moment Test Results Summary
i # Severed M cr,AASHTO M cr,mi M a,crack (k'
Test Description Strands L (ft) (k-ft) (k-ft) ft)
1 Control Test 0 35 1770 1770 2160
2 8-Strand Spliced 8 58 181 137 782
4-Strands Severed
3 with ERP 4 48 201 132 2750¢
4 4-Strand Spliced 4 58 189 118 510

*Applied moment when cracks were detected in the web cracks were detected in the FRP
The data from the LVDTSs along the repair sections and the origjirakgr did not
indicate slip at the interface for the repairs in Tests 2, 3, and 4. The data from the strain
transducers between the two load points were used to develop a strain profile and build a
momentcurvature diagram for each test which are preskmt the subsequent sections.

4.4.2: Test i Control Test

The control test reached a load of 401 kips and a deflection of 1.85 in. The span for this
test was 35 ft. The calculated moment capacity of the girder based on the maximum load applied
duringthe test was 3180-k. The cracking load was 267 kips for an applied cracking moment

of 2160 kft.

100



The control test did not reach failure because the actuator reached its maximum capacity
before the girder failed. Cracking was observed along therbdkdmge and in the web. Crack
patterns between the load points were consistent with impending flexural or shear failures, but
were more indicative of a flexural failure. Ndénear finite element failure analysis predicted a
flexural failure (concreterashing) at a total load of 403 kips with a deflection of 1.81 in (Gangi,
2015). Figure 83 compares the calculated moments versus deflection curves with the measured
moment versus deflection curve for test 1. The test closely resembled the finite element
predictions. The flattened response curve of the second trial shows the loss of elasticity after the
girder was loaded beyond the elastic range during the first trial. The moment versus defection

response shows plastic behavior as the girder approashexminal moment.
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Figure 83. Test 1 Moment Deflection Behavior

The cracking and increased rate of deflection provided ample warning of failure as the
girder approached its nominal load. The predicted moments for cracking and capacity were
conpared to the tested moments. For the cracking moments, both AASHTO and the moment
curvature calculations were conservative. For the nominal moment capacity, rtumetire
calculations overestimated the strength of the girder, while AASHTO calculationfnite
element modeling were conservative. Table 22 compares the nominal cracking and nominal
moments with the applied cracking and failure moments. The ratio was determined by dividing

the predicted cracking and nominal moments by the tested rgegkd nominal moments. The
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nominal moment calculated from this test and the failure mode were used as a basis for

comparison between an undamaged girder and the damaged girders in subsequent tests.

Table 22. Experimental and Calculated Cracking and Nonmial Moment Capacities for Test 1

Cracking Moment (k-ft) | Nominal Moment (k-ft) | M« Ratio | Mn Ratio
Tested 2160 3180 - -
AASHTO (Tested Properties) 1770 3260 0.82 1.02
AASHTO (Design Properties) 1780 2720 0.82 0.86
Moment-Curvature 1700 3350 0.79 1.05
Finite Element - 3190 - 1.00

Figure 84 shows the predicted momeantvature relationship and the experimental
momentcurvature relationship calculated using the measurements from the strain gauges at 41
and 2 in from the bottom of the girder during TestThe strain profile graphed using the data
from the strain gauges was not linear. Upon inspection, the neutral axis graph between the 41 in
gauge and the 2 in gauge was consistent with the neutral axis calculated during the- moment
curvature calculatios. The incompatibility indicated by the gauge on the deck at 49 in could be
a result of slipping between the deck and the girder due temwposite behavior. Therefore,
the curvature was calculated using the gauges in the top and bottom flanges. The
instrumentation was removed prior to the ultimate moment, therefore the full relationship is not
presented. The portion that is presented gives a representation to which the-morante

relationships of subsequent tests is compared.
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Figure 84. Testl Moment-Curvature Relationship

4.4.3: Test 2 Girder with Eight Severed/Retensioned Strands

Test 2 reached a load of 197 kips and a deflection of 3.84 in. The span for this test was
58 ft. The calculated moment capacity of the girder based on thimama load applied during
the test was 2750-k. The cracking load was 40 kips for an applied cracking moment of-782 k
ft.

The girder showed signs of failure prior to reaching the nominal load. The final failure
mode was a tensile flexural failure irhigh one strand slipped out of the splice chuck and one
strand ruptured. Figure 85 compares the nominal moment versus deflection curves with the
applied moment versus deflection curve for Test 2. Table 23 compares the calculated cracking
and nominal monms with the applied cracking and failure moments. The ratio is determined
by dividing the calculated values by the tested values. The AASHTO and mouneature

calculations overestimated the cracking moment because the first cracks formed in thd repai
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section where the concrete was not compressed from the prestressing strands. The AASHTO
and momenturvature calculations overestimated the nominal capacity of the girder while the

finite element model was accurate in its prediction of the failure embm
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Figure 85. Test 2 Moment Deflection Behavior

Table 23. Experimental and Calculated Cracking and Nominal Moment Capacities for Test 2

Cracking Moment (k-ft) | Nominal Moment (k-ft) | M Ratio | Mn Ratio
Tested 782 2750 - -
AASHTO (Tested Properties) 181 3060 0.23 1.11
AASHTO (Design Properties) 181 2380 0.23 0.87
Moment-Curvature 137 3270 0.18 1.19
Finite Element - 2750 - 1.00
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As the moment increased, cracking consistent with a flexural failure was observed along
the bottom flange as shown in Eig 86. Figure 85 illustrates plastic behavior consistent with a
flexural failure as the girder approached its nominal capacity. The cracking and deflection
provided ample warning of the girde+wwwtureé ai | ur
relationship and the momeatirvature relationship calculated using the measurements from the
strain gauges at 41 and 2 in from the bottom of the girder. The strain profile graphed using the
data from the strain gauges was not linear. Upon inspectionethieal axis graph between the
41 in gauge and the 2 in gauge was consistent with the neutral axis calculated during the
momentcurvature calculations. The incompatibility indicated by the gauge on the deck at 49 in
could be a result of slipping betwetthre deck and the girder due to romposite behavior.
Therefore, the curvature was calculated using the gauges in the top and bottom flanges. The

graph of the tested momectirvature relationship did not provide conclusive results.

R vy -

Figure 86. Flexural Cracks in Patch Concrete near Failed Strand Splice (Photo taken by loannis

Koutromanos, used under fair use 2015)
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Figure 87. Test 2 MomentCurvature Relationship

The repair concrete was removed after the test was complete to investigate the failure and
it was discovered that one of the prestressing strands slipped out of the splice chuck and one of
the prestressing strands fractured as shown in Figure 88. This picture was taken after the girder

was removed from the testing bay, the strands were netdrdsiring testing.
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Figure 88. Test 2 Failed Splice and Ruptured Strand (Photo taken by Mark Jones, used under fair use 2015)

4.4.4: Test 3 FRP Repaired Girder with Four Severed Strands

Test 3 reached a load of 313 kips and a deflection of 3.f8 the first iteration and a
load of 277 kips and a deflection of 3.35 in for the second iteration. The span was 48 ft for the
first iteration and 53 ft for the second iteration. The calculated nominal moment capacity of the
girder based on the maximuoad applied during the first iteration was 354@ knd 3410 kit
for the second iteration. The average capacity from the two iterations was-8480rkcking
in the concrete was first identified as it propagated from under the FRP at a load @220 &
cracking moment of 2750-k. Cracking was noted in the epoxy of the FRP composite system
prior to this, but any cracking in the concrete was hidden by the FRP.

The girder showed signs of a flexural failure prior to the end of the test. Tdkengra
pattern in the deck between the load points indicated a compression failure was imminent.

Figure 89 depicts the predicted nominal moment versus deflection curves with the applied
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moment versus deflection curve for Test 3. Table 24 compares tidatadccracking and

nominal moments with the applied cracking and failure moments. The ratios are found by
dividing the calculated moments by the tested moments. The AASHTO and moumeature
calculations for the cracking moment appear very conseevatiowever, the variation can be
explained when considering that initial cracking most likely occurred prior to when it was visible
above the FRP. AASHTO calculations, momeutvature calculations, and finite element

modeling over predicted the momeuipacity of the girder.
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Figure 89. Test 3 Moment Deflection Behavior
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Table 24. Experimental and Calculated Cracking and Nominal Moment Capacities for Test 3

Cracking Moment (k-ft) | Nominal Moment (k-ft) | M« Ratio | Mn Ratio
Tested 2750 3540 - -
AASHTO (Tested Properties) 201 3540 0.07 1.00
AASHTO (Design Properties) 201 2960 0.07 0.84
Moment-Curvature 132 3580 0.05 1.01
Finite Element - 3870 - 1.09

Figure 90 shows the calculated ruoirvature relationship and the momentrvature
relationship calelated using the measurements from the strain gauges at 41 and 2 in from the
bottom of the girder. The strain profile graphed using the data from the strain gauges was not
linear. Upon inspection, the neutral axis graph between the 41 in gauge and tjaei@e was
consistent with the neutral axis calculated during the moim@wature calculations. The
incompatibility indicated by the gauge on the deck at 49 in could be a result of slipping between
the deck and the girder due to rammposite behaviorTherefore, the curvature was calculated
using the gauges in the top and bottom flanges. The instrumentation was removed prior to the
ultimate moment was reached, but the tested momentture relationship along with the
calculated curvaturductility ratio presented in subsequent sections show that the ductile

behavior was not diminished by the FRP.
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Figure 90. Test 3 MomentCurvature Relationship

The epoxy bonding the FRP to the bottom flange of the girder cracked throughout the
loading process. Athe load approached the nominal capacity of the girder, the cracking
propagated from the epoxy into the web of the girder as shown in Figure 91. Cracking
developed at the end of the repair section along the interface between the epoxy and the concrete,
however, it did not indicate a bond failure between the FRP and the substrate. Cracking in the
concrete in the deck was indicative of a compression failure. In addition, the shallow slope of
the load deflection curve and the reduced plastic behaviordtestin Figure 89 is associated
with a more brittle and sudden compression failure. The cracking in the epoxy provided a visual
and auditory warning as the girder approached its nominal capacity. In addition, the cracks

propagated into the web providiagditional warning prior to the failure.
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Figure 91. Crack Propagation from FRP into Web (Photo taken by loannis Koutromanos, used under fair use

2015)

4.4.5: Test 4i Girder with Four Severed/Retensioned Strands

Test 4 reached a load of 241 kips ardk#lection of 4.12 in for the first iteration and a
load of 266 kips and a deflection of 3.61 in for the second iteration. The span was 58 ft for the
first iteration and 50 ft for the second iteration. The calculated moment capacity of the girder
basedon the maximum load applied during the first iteration was 3380 Khe moment
capacity for the second iteration was 314f). KThe average capacity from the two iterations
was 3170 Kt. Cracking was noted at an applied load of approximately 20fdipes cracking
moment of 510 t.

The girder failed in compression when the concrete in the deck between the load points
crushed. Figure 92 compares the predicted nominal moment versus deflection curves with the
measured applied moment versus deflectionve for iteration 1 of Test 4. Figure 93 compares
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