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EXECUTIVE SUMMARY

This study, conducted at the University at Buffalo (UB), addresses the need to increase the
flexural capacity of deteriorated pstressed concrete box beams through an experimental
campaign involving the design, application, and testing of a retrofit scheme. The retrofit
methodology considered here involves the use of carbon fiber reinforced polymer (CFRP)
laminates which are attached to the beams using epoxy and CFRP anchors. As part of the study,
three -ft long beams were cautiously extracted during the demolition of a bridge on J.J.
Audubon Parkway in Buffalo, NY and were transported to the SEES Laboratory at UB.

When delivered in the lalthe beams were cleaned, and their bottom surface was prepared for
the application of the CFRP retrofit. Besides cleaning, the surface preparation involved patching
of cavities with epoxyand grinding to increase the roughness according to Technical Guideline
No 310.2 of the International Concrete Repair Institute. Holes were also drilled to allow the
installation of the CFRP anchors. The layout of the anchors, as well as the thickness of the CFRP
laminates, varied between the three specimens to investigate their effect on the structural
performance. All beams were tested under service loads before they were retrofttatliabe

their structural condition prior to the retrofipplication Once strengthened, they were tested to
failure with a fourpoint bending test set up using two 44p actuators.

The first beam included three layers lafninate, an anchdo-laminate ratio of 0.5, and 14
anchors distributed at the ends andttke quarterlength points of the beam where the sections
were solid concrete. The beamracheda moment 22% higher than the capacity of the
unretrofitted beamAt that loadthe anchors and laminate pulled away due to the failure of the
concrete cover, which exposed the beam reinforcement.

The second beam included two layers of CFRP laminate, an ateelaoninate ratio of 0.8, and

14 anchors, distributed as in the case of the first beam on one end, but in three cross sections on
the other end. The beareacheda moment 46% higher than the capacity of the unretrofitted
beam Its damage pattern includeddbonding of the laminate and failure of the concrete cover.

The third beam included a single layer of laminate, an aAcHaminate ratio of 1.2, and 14
anchors located near the ends of the beam, but within the hollow section. Thiseaeherh
moment 50% higher than the moment capacity of the unretrofitted. bEaendamage pattern
was dominated by the debonding a@hd subsequent fracture of the CFRP laminadtes beam
exhibited the largest ductility, as reacheda beam end rotation of 3.4 degrees, which
corresponded to a displacement of 16 in. at the beam midspan.

The research presented in this report provides much needed experimental data for the behavior of
deteriorated beams retrofitted with CFRP laminates and anchors. Thentés¢sbeams obtained

from an actual bridgeafter 37 years of servicedicatethe feasibility and effectiveness of the
retrofit scheme. They also demonstrttat differences in the design of the retrofit scheme, i.e.

the thickness of theaminateand the distribution of the anchors can lead to drastically different
failure patterns. However, in all cases the adopted retrofit scheme increases the stiffness, and
mainly the strengthand ductilityof the beams. The increase in strength and ductility was larger
after the application of smaller thickness of FRP laminates.
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CHAPTER 1
INTRODUCTION

1.1 Problem Statement

The eplacement of concrete bridges that are deteriorated due to harsh climate conditions, years
beforethey reach the end of their design service, [gefinancially and environmentallgostly.

The severity of this problem becomes more evident when considering the large inventory of
deteriorated bridges in the United Stat&scording to the National Bridge Inventory database
(NBI 2020) there are66,000 boxgirder concrete highway brggs over 12% of whichare
structurally deficientThe development of reliable arefficient retrofit schemes, that can extend

the service life of these bridgas,a consideably less demanding alternative to the replacement

of such structuresGenerdly, this procesencludes i)the selection of appropriate retrofit method
among the differenavailable gtions considering the condition of the bridge and any possible
accesgonstraints, ii) the design of the optimal retrofit scheme considering the design objectives,
and ii) the applicatiorof the poposed schemia the field

This report presents theesearch conducted at the University at Buffalo focusing on the
strengthening of existing bridge girders. The research program involved the tests of three girders
obtained during the demolition ofdeterioratedhearby bridge36 years after it was constructed.

This chapter reviews the available background and knowledge in these areas and highlights the
current shortcomings with respect to applications for prestressed concrebedmxbridges.
Chapter 2 discusses important design details for the bridge and its condition prior to the tests.
Chapter 3 presents the retrofit design and method of application. In Chapter 4 the test set up is
presented. Chapter 5 discusses the test results, and Chapter 6 summarizes the findings and

conclusions of the tests.

1.2 Retrofit Schemes

Bridgesare typically retrofittecto restoreor increasethe flexural or shear capacity of
their structural elementsandor tolimit the deflection and crack sigeluringthar continued use.
There are a variety ofetrofit methods using Fiber Reinforced Polymers (FRP)similar
materialsthat have been considered in the paseseinclude nonprestressed and prestressed

carbon fiber reinforced polyme(€FRP), unbondednd bonded pogensioned CFRRand near
1



surface mounted (NSMginforcemen{Fathelbaket al., 2014; Harrie®t al. 2009; Klaiber et al.

2004; Obaidat et al.2011; Shahawy & Beitelman, 199%Retrofit schemes that utilizEFRP

have been found to increase the crackimpment restore a portion of the original flexural
strength, and extend fatigue lif€im et al, 2008 Larson et aJ.2009. The application oNSM
reinforcementcan be challenging, but it camprove the flexural and shear strength (De
Lorenzis & Nanni, 2001; Dias & Barros, 2005; Parretti & Nanni, 2004). Experiments in the past
have been conducted to determine the feasibility of using-Rbgrforced Polymers (FRP) in
place of steel plates and other methods to repair bridges (Parretti & Nanni, 2004; Rahimi &
Hutchinson, 2001; Ritchie, 1989).

The useof epoxy to adhere the FRP to tbencretebeans is ore of the most common methods
used in retrofit schemdRitchie, 1989)However, thisnstallationmethod usually suffers from a
premature failure mode known as debondinglhis phenomenonoccurs when theFRP
reinforcement pulls away from the structure asach no longertransfer loads A number of
studieshavefocused on evaluating the bond beloaof an FRP reinforced memb@fdassan &
Rizkalla, 2003; Reenboom, 2006)Some ways tanitigate thedebondingfailure are to add U

wraps to hold the FRP to the beam or wrap the entire hdamever, such mitigation strategies
cannotbe implementedh the case obox beamsvherethere is not sufficient space go around

an individual beamln such cases, the use arichors has proven beneficial reducingandbr
delaying the debonding of FRPaminatesrom concrete members (Ceroni et 2008; Martin &
Lamanna, 2008; Panchacharam & Belarbi, 2002). By incorporating anchors into the design, the

beamcanachieve failure modes related to conci&igshing oisteelyielding.

1.3 Testing Setups

Three or fourpointbendingtest setups have been typically used to test prestressed concrete
beams with and without retrofit schemé@avendano et al., 2013; Brecht et al., 1965; Harries,
2009; Naito et a).2008).The formertesting methodequiresa considerablysimpler test setup
compared to the latter one. On the other hamaifaur-point bending setuprovides a region of
constanimaximum momen allowing for the development tifie flexuralfailure over a segment

of the retrofitted systemrather than asingle section Also, the distance between the loayl
points in the fowpoint-bending tests can be adjusted to emulate the vehicular load paferns.



discussed in Chapter 3, in this study the {fpaint bending setup is adopted, despite its
complexity, as it is more realistic and allows for a better understanding of the structural behavior.
Instrumentationschems used to measumngineering responsguantities such as strains and
deflections mg include a variety of sensor typesuch asstrain gauges, displacement
transducerge.qg. linear variable differential transducersMDTS), linear potentiometersand

string pot3, as well as optical sensafs.g.fiber optic sensors andser devices In this study

strain gauges were applied on the concrete and FRP surface,stvimtg pots were used to
measure the deflection of the concrete beams.



CHAPTER 2
TEST STRUCTURE

2.1 Test Structure Description

The focal point of this project waspair of deteriorated highway bridgevhich wereslated for
demolition Eachbridge shown inFigure2-1, had three spans and a total length of 193Tfie

two bridgesservedthe northbound andouthbound traffic on JJ Audubon Parkway in Amherst,
NY. Both structures were built in 1983 to cross the Ellicott Creek stream. The bridge coordinates
were43°00'30.4"N 78°46'49.6"W

b) Southlmundstructure
Figure 2-1 Overall view of the bridge

2.1.1Design Overview

The plan view of thesupestructure, including the overall dimensions and layout of the box
beamsas well as the typical cross sections atewn in Figure 2-2a and Figure 2-2b,

respectively The northbound and the southbound superstructwese comprised of 4 and 1L

4



adjacent prestressed box beams, respectifap. types of AASHTO bosbeam cross sections
were used in the deck construction, nameéiype BI-36 (3ft. wide) and Type BU8 (4ft. wide)

(AASHTO, 2017%. The deck alsoncludeda concreteslalh shown inFigure 2-2b, which hada

thicknessvarying fromé in
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2.1.20bserved Deterioration

Sincetheir construction, ie bridges weresubjected t@everewinter conditionsand consequently
Hence they deterioratednainly due tofreeze and thaw cycles attik significant use of deicing
chemicas. The deteriorated conditiomas documented durimggularsite inspections conducted
by NYSDOT.The results indicateextensive surfaceoncretespalling with exposed stirrup bars
in facia girders The spalling coverd more thar80% of the vertical facef the exteriobeams
Also, concretespalling was observedat the end blockof the prestressedeams,exposingthe
stirrups and prestressing tendorisigure 2-3 presentsexamplesof observeddeterioration.A

Yellow Flagwasissuedby NYSDOT prior to 2016for some of theabovementionedeficiencies

which werenot repaired.
- %

o B SO LR ER S L 3 Vt
—

and corrodednfercement at a facia beam

. FeREA

a) Spalled concrete

&
£

b) damage at the pier support ¢) damage at the abutment
Figure 2-3 Examplesof observed deterioration

2.2 Selected Beams

According to the scope of this study, as outlined in tpeoject proposal,hree prestressed
concrete bodbeams weresoughtfrom the bridgeto be repaired and testatl the Structural and
Earthquake Engineering (SEES) laborataryhe University at Buffalo
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2.2.1SelectionStrategy/Limitations
The beam selection process was governed by the following considerations:

1 For the test results of the beams to be comparable, beamtheitame dimensions and
apparent deterioration level were sought.

1 Due to thelab dimensionsspace available at the SEES laboratdng, beams from the
79t long span were not considered amuly the beams locatelom the 57-ft spans
were considered.

1 Lighter beams were preferred by both the demolition contractor and the ISlEd&&tory
to facilitate the transportatiodglivery, andmaneuveringvithin the laboratory

The demolition scheduleof the contractgrthe testing schedule of tHeEESIaboratory, and
issues related tshutdowns due to COVH29 alsoinfluenced thébeamselection process.

The southbound bridge was slated for demolition and replacdye@nethe northbound bridge,
and therefore, all the beams were selected frombttidge to avoid delays in the projecthis
structureincluded mly two 3ft.-wide (lighter) beams iits shorter spang/hile the rest werd-
ft.-wide beamsTherefore, two dt.-wide and oneadjacent-ft.-wide beamwith similar level of

deteriorationas indicatedrigure2-2, wereselected for further studies.

2.2.2Condition of the SelectedBeams

To minimize the disturbance of the beams, and &dsb the beams under conditions similar to
the field, the casin-place concrete slab on top of the beams was maintained during the tests. To
achieve that, a saw was used by the demolition contractor to cut the part of the slab
corresponding to each beamAnother issuethat needed to be addressed in the demolition
process was thahe beam ends were connected to the bridge piers and abutmentginsing
passing through the beaithe pins consisted of-in. anchorsurrounded by casih-place grout

Hence it was not possible to remove the beams without damaging Figgme 2-44 presents a
sample of the anchorage detailinfo allow the beam removal with minimal damagee
concrete declslab aboveeachanchorwas carefully removed and a core drill was used to cut
through the concrete surrounding trechorto release jtas shown irFigure 2-5. This process

was repeated for both endstbé selected beams.
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Figure 2-4 Elevation view of the endbeam anchorage detailing
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Figure 2-5 Sample of ore drilling around the anchorsat the beam ends

The condition of each beam before the repairs was also investigated prior to atiteabeam

removaland the findings are summarized as follows.

2.2.2.1Beam 1 (3ft.-wide)
Beam 1is shown inFigure2-6. As discussed before, the concrete dglebon both ends of the

beam vasremoved prior to delivery. Except foninor concrete spalling and stemrrosion at
8



the west end shown inFigure 2-6d, no other sign ofdamage or deterioration was observiéd.
should be notethat thecardinal coordinatedased on the beam orientatauring testingat the
SEES laboratoryare usedin this report to refer tdhe various locations along thielength. For
instance,the fiwest end refers to the end of the beam that is closer to the west side of the

laboratorywhich remainghe samdor the entire testing period.

c) East end otheflipped beam

d) Steel reinforcement and concrete condition at the west end of the beam
Figure 2-6 Overall condition of Beam 1 upon delivery to the SEES laboratory

2.2.2.2Beam 2 (3ft.-wide)
The overall condition oBeam 2is shown inFigure 2-7. Similar to Beam 1, the concrete deck

slab on both ends of Beam Z&asremoved prior taemoval from the bridge site amtliveryto

9



SEESL Corrosion of transverse steel and concigalling were observed on both ends as

shown inFigure2-7b, and ¢ No visible shear or flexural crack was observed.

a) delivered beam (view frorthe east) c) East end of the beam (flipped 18
degrees)
Figure 2-7 Overall condition of Beam 2 after delivery to the SEES laboratory

2.2.2.3Beam 3 (4ft.-wide)

The overall condition oBeam 3is shown inFigure2-8. Similar to the other two beam#he deck
slab was removed at both ends of Beam 3. Howewere severelamage was observed in Beam
3 at its endswhencompared to Beams 1 angdi2 terms of concrete spalling andrrosion ofthe
transverse steel as shown Rigure 2-8a and b. Also, concrete spalling at the beam substrate
occurred at several locations along the lengthihefbeam due tdhe forceful beamremoval
usingthe excavators. Examples of the demolitimmluced damagare presented irFigure 2-8c
and d This damage did not affect the load carrying capacity of the pbamever, it would

reduce the bonding area and the effectiveness of the FRP retrofit. Hence, as disdDhapten
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3, thebeam was patchedipr to the application of the FRP layer. As with Beams 1 and2, n

visible shear or flexural crackvereobservedrior to the FRP application

aEWeSt éna"o-f the b_egm

LESSaRCTTOw

¢) Damaged beam substrate . B d) Damaged beam substrate
Figure 2-8 Overall condition of Beam3 upon delivery to the SEES laboratory

2.2.3Beam Detailing

The dimensions and the reinforcement detailing of tHe-®ide and 4ft.-wide beams are
presented in Figure-2 and Figure 20, respectively. Both beam types included closely spaced
transverse reinforcement at the beam ends. Besides the ends of the beams which had solid
sections, the box section was interrupted by solid sections at three locations along the length;
located approximately every 14 ft. These sections wémne @ide at the quarter spans andih8

wide in the middle.
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The key design information provided in the figures is also summarizédhle 2-1. The table

includes the dimensions of the concrete sections, as well as the area of the reinforcing strands.

Table 2-1 Overall geometry and section properties of the selected beams

Length (Center tc Cross Moment ofPrestresse  Total
Beam ID thecer_lter of  Width Height sectiona in_ertia _ _strand prestresse
bearings) area (major axis diameter strand arei
in. in. in.  sq.in. in.4 in. sq. in.
Beaml and 2 655.5 36 27 560.5 50,334 0.5 2.142
Beam3 655.5 48 27 6925 65,941 0.5 2.754

2.3 Material Properties
2.3.1Concrete

Concretecores were extracted from the 4t.-wide beamand subjected to compressive and
split-cylinder tests according to the ASTM standard¢ASTM, 2013 at the SEES
laboratory to obtain the relevant material properties of the concrete beam andslab. The
results arepresentedin Figure 2-11 and
Table2-2. The compressive strengtli the beamsexceeds th&8-day prescribed design values

(6,000 psi)by 38%. On the contrary, the adulusof elasticityand the tensile strengtf the
concretearelower thanthoseprescribed in building codes such as ACIAUBACI 2014).

—CIl-Beam

—C3-Beam
C4-Beam

—C5-Deck
C6-Deck

Stress (ksi)

0 0.005 0.01 0.015 0.02 0.025 0.03
Strain

Figure 2-11 Compressive behavior of concrete cores
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Table 2-2 Mechanical properties of concretecores
Modulus of Compressive  Strainat  Tensile

Structural Number of tested

Element samples elastl'c:lty strength peak strength
ksi ksi ksi
Beam  compression:3 ,,pq 8.27 00040 0595
Split cylinder: 2
Deck slap Compression: 2., 4, 4.93 0.0038  0.505

Split cylinder: 2

2.3.2FRP Laminates, Anchors, and Epoxy

During the application of the retrofit on each bed2x12 inch samples of CFRP laminates were
made from the sanféers and epoxyhat was installedn the beamsCoupons weréhencut out

of the samplgpanet and tested according to ASTM B standardASTM, 2000 to obtain

their strengthunder uniaxial tensile load. The results are summarizédfhe2-3. The neasured
mechanical properties of the bonding epoxy are also summariZeabie 2-4.These properties

reflect the properties of the FRP laminates and anchors since the same fibers and epoxy were

used in both cases.

Table 2-3 Mechanical properties of FRP laminates
Modulus of  Ultimate

Beam ID Nutzsli:(rj of l\llgmi?gté)f Width? Th'ck nes elasticity tensile Ultimate
(curve fitting)t  strength strairt
samples  layers - - . ;
in in ksi ksi
Beam 1 2 1 0.761 0.113 9542 140.4 0.0111
Beam 2 2 2 0.768 0.208 10740 N/A? N/A?
Beam 3 2 1 0.776  0.099 9429 110.6 0.0199

Based on the average values of the tests.
2Ultimate capacity was not reached due to slippage at the supporting elements ol
coupons.

Table 2-4 Mechanical properties of the bonding epoxy
Tensile Compressivi Flexural Tensile Compressiv Flexural

Type Modulus Modulus Modulus Strength strength  Strength . SSHe
. . . . . . Elongation
ksi ksi ksi ksi ksi ksi
)
TYIO® S 461 465 452 10.5 12.5 17.9 5%

Epoxy
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CHAPTER 3
RETROFIT DESIGN AND CONSTRUCTION

3.1 Introduction

The goal of this study, as discusgeor to the testsvith NYSDOT engineersvas torestore the
flexural capacityof the beamsand increasdo 1.2 timestheir nominal capacity prior to any
damagevia the application of the selected retrofit schefiee retrofit scheme selection and
design calculations are discussed in this chapter.

3.2 Selected Retrofit Option

The access to wservice beams in box beambridge is limited to the bottom surface of the
beamdor all but the two facia beamaccording to the discussion die availablestrengthening
methods in Chapter, The retrofit options applicable to this type of bridge beame i) FRP
laminatesand ii) Near Surface Mounted (NSMxeinforcement The application of thelatter
systemis more complicated asliequires more preparati@nd higher level of precision fdone
application oftheretrofit since grooves should be cut along the length of the beams to place the
strands. Thereforen discussions with thengineers at NYSDOTERP laminates were selected
as the retrofit methothat is investigated in this studilso, prestressingr post tensioninghe
laminates were also not consideredas the would limit the applicability of the strengthening
method in the field

3.2.1Repair Design Considerations

The retrofit system aimed at improving therformanceof the beam as well aaddressing the
challengesobservedin previoussimilar strengthening studies dgscribed in Chapter 1. &h
main objectivesnclude i)increasg the flexural capacitypy approximately20% of the nominal
capacity of theundamagedeams, ii) avoiding or delaying the FRBncrete debonding failure
mode to achieve higher ductility, and iiilizing the full tensilestrength capacity of the FRP
laminates taptimizethe material and labor costs associated with the retiidfé.first objective
is a function of the area of the laminate, while the mewtmainly depend on thbond between

the concrete and FRP laminates. The amount of laminate used was varied between the beams to
18



investigate its effect on thstructural performanceof the retrofitted beamd~urthermore in
addition to applyingan adhesive between the FRP laminates and condieteuse of FRP

anchors with various layouts was considdreanprove the bond.

3.2.2Design Calculations

Carbon Fiber Reinforced Polymer (CFRP) laminates and CFRP anchors were selected for the
retrofit application. More specifically, 0.68.-thick Tyfo SCH2X laminates and % irdiameter

Tyfo SCHcompositeanchorswere acquired for this project. Alsbyfo S Epoxywas used as an
adhesive, bonding the CFRP elements and the concrete.

To facilitate the application of the FRP in the laboratory each beam was flipped upside down.
With the beam flipped any amount of FRP layers could have been apphieever, this would

not be realistic n the field in the case of an actual bridge. Hence the actual limitations
encountered in the field were considenredhe designThereforeit was deemed that no more

than three layers of laminates would be applied at the beam as this is considered a realistic upper
limit indicatedby the field professionals. For the width of the laminates, the standandi@e

rolls were considered to avoid customizations unlikely to occur in a field application. Hence, for
the first beam, it was decided to install three layers of laminates. Considering the diagram of the
moment demand occurring from a feuwint bending testing setup, as getupemployed to test

the beamsn this project, the number of laminates was reduced to two at the ends of the beam.
Practically, this meant that the first two layers of laminates were appliedefrdrto end of the

beam, while a shorter third layer was applied between the two loads where the maximum
moment was anticipated. Extending the third layer to the ends would not be meaningful
considering the diagram of the moment demand.

Following the decision on the number of laminates, the numbers and locations of the anchors
were selected. For the locations of the anchors, the solid sections at the two ends of the beam and
the quarter lengths were selected. The number of anchors at each section was decided based on
the width of the beam arntle need tosufficiently ovelap the fans of the anchors.

In this section, the calculations for the design of the retrofit scheme for Beam 1 are presented.
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Tyfo SCH41-2X System
Eg := 11900ksi

eg, = 0.0085

ty = 0.08in
Tyfo SCH Composite Anchors
Eg, = 11900ksi

fpy == 121ksi

2

A, = 0.44in

Slab Properties:

f'. = 6000psi

Reduction Factors:

P:= 0.85
O = 0.59
=09

0 Reinforcement Design:

Tensile Capacity of FRP atmidspan:
wp = 24in

nf:=3

€= min| 0.083- =0.0038

€fe = €1d
ff = EfeEf = 45.3-ksi1

(S

Af = Np e Wy = 5‘76»in2

The calculation of the desigrapacityin tensionincludes a 0.9 tension reduction factor. Typic:

0.85 FRP reduction factor not included.
OT, = O fr-Ap = 234.69-kip

o Nominal material properties assumed before the tests):

design tensile modulus
design ultimate strain

thickness per layer

design elastic modulus

design ultimate tensile strength

area of 3/4". diameter composite anchor

assumed compressive strength of
concrete

FRP reduction factor
anchor failure design calibration factor

tension reduction factor

width of FRP

number of layers of FRP

debonding FRP strain

effective FRP strain

effective FRP design stress

effective cross-sectional area of FRP

factored tension capacity provided by FRP



Anchor Capacity at Midspan:
(Typical 0.59 anchor reduction factoot included

Tgy = Apy T = 53.2-kip anchor capacity, anchor rupture failure
ng, = 4 number of anchors to be used
Tyne = Npy Ty = 212.96 kip factored tension capacity provided by
anchors

Ay gy . .
Ao = =031 ratio of composite anchor area to FRP sheet area

_ Tane N percent of tension transfered through
Liransfer = oT =091 composite anchors

n
o lame o0

Cfe2 = AprEp oy T effective strain of FRP sheets at anchor rupture

Tensile Capacity of FRP at end spans:
wp = 24in width of FRP

np:=2 number of layers of FRP

Egq := min| 0.083- 09-eg, | =0.0047 debonding FRP strain

effective FRP strain

Efe = &fd
ffe = € Ep = 55.4-ksi effective FRP design stress
Af = nptpwp = 3 ,84»in2 effective cross-sectional area of FRP

Tension capacity includes a 0.9 tension reduction fattoe.typical0.85 FRP reduction factor r

included.

bTy = Syl Ap = 191.62-kip factored tension capacity provided by FRP



Anchor Capacity at Midspan:
(Typical 0.59 anchor reduction factor not included)

anchor capacity, anchor rupture failure

Tg, = Agyfp, = 53.2:kip

number of anchors to be used
N, = 3
factored tension capacity provided by

Tane = 0y Ty = 159.72kip anchors

] Ay iy ratio of composite anchor area to FRP sheet area
Aratio = A =034
f

Tanc o .

T = =0.83 percent of tension transfered through
transfer .
oTy composite anchors
Tane effective strain of FRP sheets at anchor rupture

Efan = T =0.0039

ApEp o

3.2.3Retrofit Design
. In summary, lie following configurations wergesignedand implementeébr each beam.
3.2.3.1Beam 1:

22

1 Laminates:As discussed in a previous section, ambwn inFigure 3-1, two 24-in.-

wide Tyfo SCH2X layerswereused tocove the beam length between the supports,
while a third layer with the same widttas used t@ove only the centehalf of the

beam lengthwhere higher moment demand was anticipated based on the test setup
Anchors:Three anchorsvereembeddednto eachsolid section of the beam close to

the supportsMoreover, bur anchorsvere embedded int@achsolid section of the
beam located at its quarter length as showRigure 3-1. This arrangementesuled

in a total of14 anchors, seven on each side of the bedihthe anchorsvere 16-in.

long, with a design embedment depth of 4 inches. Tho#ge quarter sections were
embedded perpendicularly with respect to the bottom surface of the beam while those
at theends of the beam were embedded with an angle of 45 degrees. All the anchors
were sandwiched between the first and seconddafehe laminates, with their fans

overlapping by 6 inches amdvering the full width of the laminate



3.2.3.2Beam 2:
1 Laminates: The same layout as that of Beam 1 was used except for the third layer
which was not included in the design, resultingwo layers of laminates spanning
between the supports as showrrigure 3-2.
1 Anchors: Seven anchorgere designedio be placecat each half of the beam. The
anchorlayouton oneside of the beamwas kept the same as that of Beam 1, while for
the othersidethe anchors were distributed further within the first quarter of the beam

as shown irFigure 3-2.

3.2.3.3Beam 3:
1 Laminates: Only one layer of laminate spanning between the supyastdesigned
as shown irFigure3-3.
1 Anchors: Seven anchors were placed at each half of the beam. All the anchors were
concentrate@tthe ends of the beam and were patched using FRP laminates as shown

in Figure3-3.

The quantity of materials usedo retrofit each beans summarizedn Table 2-1. The area of
laminates per unit width of beams indicate33.3 percent reduction between beam 1 and Beam

2 anda 66.7 percent reduction between Beamarld Beam 3. Als@iven that the quantity of
anchors remaed unchangedthe ratio between the area of the anchors and laminates intrease

by 50.1 percent between Beam 1 and Beam 2 and by 126.4 percent between Beam 1 and Beam 3.

Table 3-1 CFRP materials used for eactbeam.
Beam widtFLaminatearea aAnchorarea or Laminate area Anchorliaminate

Specimen (ft) midspan each side perbeamwidth arearatio
ft. Sq. in. Sq. in. Sq. in./ft.
Beaml 3 5.76 3.08 1.92 0.53
Beam2 3 3.84 3.08 1.28 0.80
Beam3 4 2.56 3.08 0.64 1.20
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3.3 Retrofit Implementation

This section tscusseghe procedure that was followed to retrofit the beamsall cases, the
beams were flipped in the lab usihgo cranes to bring their bottom side up to facilitate the
installation of the laminates and anchors. Clearly, this is not possible in the field, and alters the
strains in the concrete sectidhowever, once the beams were brought in the laboratory, it was
not possible to lift the beams and allow the application of the retrofit scheme in a safe and cost

effective manner from underneath.

3.3.1Surface Preparation

The concretesurfacewhere theFRP laminates and anchaee installednust be clean, dnand
free of cavitiegshatmay cause voids behind tkeminates. A diamond wheel grinder was used to
clean the concrete surface as wadlto increase roughnessid enhancéhe bond between the
CFRP laminates and the concrefée roughness of the grindesirface shown inFigure 3-4,
was closeto the Concrete Surface Profile 3 (CSP, 8p defined by thénternational Concrete
Repair InstitutgICRI) Technical Guideline No 318.(ICRI, 2013) It should be noted that the
surface cleaning and roughening can be completetthie field using other methods such as
sandblasting and water blasting whielne more efficient options for situ applications.
However, these could not be applied within a laboratory setting for practical rebsaddition

to this step, thesurface cavities of Beam, 8vhich resulted from concrete spalling during the
demolition as dscussedn Chapter 2, weralso patchedy the same epoxy usdd providea
bond between concrete and CFRP laminates. This was done a febeftargthe application of
the CFRP laminates to allow the epoxy to harden. Patched surfaces were also roughened after
hardening using sandpaper. Other methoaoisid also be employed for patching the concrete

depending on the extent of the damage.

[ §

i W&“

L e
,@,‘
. ... . - k! Vol Pl e v AT o
a) Before grinding b) After grinding
Figure 3-4 Change in the surface profile due to grinding
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3.3.2Hole Drilling

After the surface was preparetddjn.-diameter 4.5n.-deep holes were drilled according to the
design layout for each bearihe holes were % in. wider and % in. deeper than the anchor
diameter and embedment depth, respectively. Bh&tandard application practice asliows

for the epoxy to surround the anchor and provide a stronglimtagten the anchor acdncrete.

The top % in. of each hole was also widened bgf%&n inchin diametertowards the side of the
anchor spread on the beam surfaaeshown irFigure 3-5. This was donéo prevent the anchor

from bending 90 degrees anelduce the bearing stress concentration between concrete and the

anchor at the bent segment of the anchors

St 52

Expanded hole
diameter at théop

L Wi L&) 1 € Y TV,

Figure 3-5 Example of the drilled holes

3.3.3Application of CFRP Laminates and Anchors

This step involvd i) saturatng the concrete surfadey spreadinghte epoxyji) unrolling thefirst
laminate layer on the bearnii) saturating the laminate, iv) rolling the saturated laminate, v)
repeating steps ii through iv for all laminates, vi) unrolling the first layethef saturated
laminate for the final installation, vii) cutting in. by 1 in.holes in the first layer of laminate to

allow the installation of the anchors, viii) saturating and installing the analdisstalling the

next layer of laminates (if there is only one laminate in the location of the anchors, to better
protect them, patches of laminates can be used to cover them), and x) applying a layer of
thickened epoxy after the last aminate has been apgli@d. process needs to be completed
before the epoxy hardens and requires qualified and trained persorthel pasformance of the

retrofit heavily depends on the quality of its implementatiBropely trained personnehbre
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crucial to achieing the design objective$n the case of the beams discussed in this report, the
retrofit for the first beam was applied by professionals of Fyfe Inc. The professionals trained a
group of researchers at the University at Buffalo who applied the retrofit to the following two
beams.

3.3.4 Curation

The curing time for the epoxy used in thisoject is a function othe ambient temperaturas
presented imable 3-2 and Figure 3-6. Since these beams were cured inside the laboratay, th
curing of the epoxy was not a concern. Howeuss fluctuation of the temperature and humidity
was measured during the curation of Beam 2 and the results are presérdabteBi3. All the
retrofitted beams went through the curing process in the same tempe@itnaled condition

as that of Beam 2, and according Table 3-3, 85 percent curation was achieved in
approximatelyd days.

Table 3-2 Tyfo S epoxycure time as a function of temperature

Time to 85%Curation

CureTemperature
°F Hours
50-65 Cannot be achieved
73 96
80 48
90 20
110 12
100 -
o o L
80 o o [}
= =
? ]
o~
L 60
3 /
(&)
ks u
8 a0 /
g
D f
20/
| m  Tyfo S Cured at 65F
® Tyfo S Cured at 75F
D 1 T T 1 1 T L] T 1 T L] T L Ll 1
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Elapsed Time (Days)

Figure 3-6 Tyfo Sdegreeof cure progression
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Table 3-3 Variation of temperature during the curing of Beam 2

Instant  Instant Min Max Min Max
Date Time temperatur humidity temperaturetemperature humidity’  humidity’
°F % °F °F % %

8/8/2020 12:04 PN 79 50 79 79 50 52
8/9/2020 10:11 PN 73 64 73 79 47 78
8/10/2020 1:16 PM 72 63 72 73 56 73
8/10/2020 4:33 PM 72 62 72 73 56 73
8/11/202010:35 PN 72 67 72 73 56 73
8/11/202012:37 PN 72 62 72 73 59 70
8/11/2020 4:53 PM 72 64 72 72 64 66
8/12/2020 5:55 PM 73 48 70 73 46 66
8/13/202012:28 PN 72 52 70 73 46 66

"The reported temperature and humidity ranges are valid for the time intervals betevéares
reported in this table.
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CHAPTER 4
TESTING OF THE BEAMS

4.1 Introduction
This chapter Bcusses e testsetup, instrumentation, and testing protocols implemented to
investigate the behavior of the unretrofitted and retrofitted beams under service and extreme

loads.

4.2 Test Setup

A four-pointbending testsetup was selected tosimulate thebehavior of the beamsunder
vehicular loadsThis type of test provides a regiof constant maximum momebetween the
loading pointswhich is beneficial forthe performancesvaluationof the flexural retrofit system
implemented in this projecfAlso, two points of loading along tHength of thebeam provide

similarload distributionnduced byvehicles.

4.2.1Test-Setup Design andConsiderations

The available testing equipmeand fixturesat the SEES laboratoryncluding thesupporing

plates for theactuatos andthe specimes, aremainly designed fothe application ofhorizontal

loads Although supports for the specimen could have been assembled, allowing enough space
for inspection under the beam, the placement of the actuators over the beam to apply the load in
combination with gravity required steel towers that are not available and would be rather costly
to build. Therefore, lhe actuators were placed to apply loads horizontally, thlebeamswere
flipped90 degree about theifongitudinal axisand loaded horizontallyrigures 4-1 through4-3
presentthe test setups for Beam 1, Beam 2, and Beam 3, respectiMedybeamsvere simply
supported at both ends, similar to their support conditiatewihservice.

The weight of the beasns transferred to the laboratoriodr at multiple support location®

prevent the development of bending and shear moments perpendicular to the loadirtiggplane
would not be realistic in the case of an actual bridde overall setup is similar between all
tests, howeverfollowing the tests of Beam Imodifications were made to thixture that
transferredheweight of thebeamto the floor Following observation during the tests on Beam 1,

a rolling systenwas introduced to repladbe use of Teflon sheetnd lumbewusedin the tests
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of Beam 1 as shown inFigures 42 and 43. This modification resulted ifessfriction, and
therefore)essresistance tthe horizontal motion of the beams.

Finally, it can be noted thaéihe distance between the actuateas reduced ithe tests of Beam
3 which was wider and thus stronger than Beams 1 anthi® adjustmentreducel the force

required to reach the anticipated failanement ensuringhe safety of the tesetup
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4.3 Testing Protocol

Two types of tests were conducted on each béantedcontrolled test$o obtain theservice

level behaviowof the beamsThese tests were conducted prior to the application of the retrofit, as
well as after the FRP laminates and anchors were applied. The tests prior to the FRP application
provide a baseline to compare the initial condition of the beams, while the comparison of the
behavior before and after the application of the retrofit scheme provides a measure of its effect
on the handling of everyday loads. Thdsplacementontrolled testswere conductedo
investigate thébehaviorof the retrofitted beamantil failure. The development of the loading

protocol is explained in the following sections.

4.3.1ServiceLevel Tests

The vehicularload demandon the beamsuring service was estimateaccording tothe
guidelines ofAASHTO LRFD Bridge Design Specification8” Edition (AASHTO, 2017)on

bridge loads and distributionklence,a movingload analysis was performesh mode$ of the
beamsin SAP 2000 V21 €SI, 2020 to obtain the maximummomentdemand The analysis
includedthe HL-93 vehicular live load in combination with tlselfweight of the beamand the

deck It should be noted that tHéL-93 loading scenarioonsists of three elemennhamelythe

Truck, Tandem, and Lane loadehe gplicable load casesnd amplification factotsncluding

fil.33 Truck + Lane a h3B Taindem + a nwere considered in the analysis.

The distribution of the estimated maximum demand betweebdkdeamsvasobtained from

the live-load distribution factors, ,gas recommended by AASHTA@rticle 4.6.2.2.Table 4-1
summarizes the estimation of the share of each beam from the maximum moment demand and
the corresponding actuatfmrce requiredto achieve thestimateddemandThe target force was
estimated to be 23.0 kips for the twdt3vide beams and 23.4 kips for thetdvide beamwith

the different actuator locatioihe maximum force used for the servlegel tests was increased

to 25 kips per actuator to account for fnietion at the gravityload support mechanismshe

load was applied at a slawadingrate of4.8kips per minuteEach testonsisted of two loading
cycles as the first cycle involved the closing of gaps that were introduced during the placement
of the beams within the test sethptween all the loading and reactioomponentof the test

setup These small gaps were created due to imperfections of the beams, but also due to their
large weight that made the manipulation with the cranes rather challenging.
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Table 4-1 Calculation of maximum actuator force for the servicelevel tests

Maximum Force Force

. Share Distance . )
Span Beam moment Tables use live-load of eacl betweenrequ'red aapplied

Specimellength depth  from from  dist. factol . each by eact
analysis AASHTO g beam actuators actuator actuato
ft. in. Kip-ft Kip-ft in Kips Kips
Beaml c 4.6.2.2.2b1
Beam? 54.62t 34  1496.1 462911 0.235 351.0 288 234 25

Beam3 54.625 34 15795 4.6.2.2.13 0.292 460.6 168 23.0 25

4.3.2Capacity-Level Tests
Preliminary analysisvas conductedo estimate theflexural and shear capacitie$ the selected
beamsusing theapplicablemethod as per ACI 31814 (ACI, 2014)so that the most suitable
actuators could be selectethe strength calculatiornvgere performed based on the information
from theavailabledrawings as well agherecommendations found in the literature:
f Strand t vy p esevenawite stesgaliaved Grade 270 (sectional area: 0.153 sq.

in).

Jacking force for each strand: 28700 Ibs. (187.6 ksi prestress)

Approximately 80 percerdtrain relaxations assumed, leading topaestress levef 150

ksi.

The @mmpressive strength of corete is assumed to be equal to 6000 psi.

Compressive noeprestressed reinforcement is not included

The results of the analytical calculations are summariz&dable 4-2. As it can be seen in the
table, he force required to achieve failure wa&kips for Beams 1 and 2, ari@6 kips for the
unretrofitted beamswhich led tothe selection of two MTS43.90Tactuators witha maximum
capacity of 450 kips and stroke of40 inches.Also, the calculated stress levels in strands at
failure were used to inform the retrofit design in terms of the tension femqéred fromthe

retrofit system.
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Table 4-2 Strength calculations of the unretrofitted beams
Strand Total

Total stress Total force PredictecApproximat(DistalnCE force Force

strand level atproduced b nominal concrete betweerre uirecrequire(

Specimer area beam strands at moment  shear actuator: ?or at eact

failuret failure  capacity capacity failure actuato

Sg.in.  Kksi ksi Kip-ft kips in kKips  Kips
% 2.142 257.4 5514 1340.3 87 264 168 84
Beam3 2.754 2579 710.2 1729.3 107 168 173 86

IACI 318-14 section 20.3.2.3.1 is used to calculate the stress levels in strands at th
nominal strengtlzondition.

2ACI 318-14 section 22.5.5 is used t@stimate the concrete shear capaditytal cross
sectional area of the beams was used instead ofdigdin equation 22.5.5.1.

4.4 Instrumentation
In order tomonitor the behavior of the beanakiring the test@ndthe interaction between the
concrete an€FRPlaminates and anchqgithefollowing instrumenation layout wa deployed

1. Displacement transducergere placedat multiple locations along the beaength to
measure the overall deformation of the beam &mel possible rotation along its
longitudinal axis. Theatterwas important to confirm the setup acted as intend#étbut
introducing any undesired deformation mades

2. Strain gaugeswere installed at selectedsections on the concrete and FRRfaces to
monitor the strain compatibility between the concrete and FRP.

3. An accurate8D Coordinate Measurinlylachine(CMM) known asKrypton was used to
track 45 to 54 locations orachbeamnearone of the twdoadingzones to obtain the
local deformations and track possible delamination.

In addition to instrumemtg the beamshe possible slippage/rotation of treaction blocksvas
monitored using an array of displacement transducers.

Figures4-4 through4-6 present the instrumentation details of Beams 1, 2, and 3, respectively
duringthe servicdevel testsrior totheretrofit application Figures4-7 through4-9 present the
instrumentation of the same beanhsing the testafter thebeams wereetrofitted The type,
location, andneasurement direction of instrumentatameidentified by an eightharacter name

in the drawings
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The first character indicatesethinstrument type which can lfeD,6 A G0 , (dematingith& o
Displacement transducgrstrainGauges, or Accelerometers, respectiyely

The second character indicates the sensor location with respect to the middle of the beam which
can be A WO0,((reférihg to theoWest #aibdthe midspan,East side of the midpan,

and the Midspan, respectively). As stated in a previous chagher,cardinal coordinates are

based on the beam aniation at the SEES laboratowhich remainsunchanged for the entire

testing period.

The third and fourth characters identify the distance ofrteeumentfrom the md-span of the

beam in feet (in case of closedpaced sensors tfe same type, thisvo-digit number increases

by 1 ft. between those sensdosdistinguishbetween the name3he accurate locatioof all

sensorss providedin the drawings)

The fifth character provides the sidetbé beam @ which the sensor is installed which can be

ATO, oBoOo, or ASO (cor r e Sigesurfacesrofthe begmesphctvely o p B
as shown on the cross section of the beam provided in the upper left of the instrumentation
drawings)for the beam instrumentatioin the case of the instrumentised to monitor the test

setup, the fifth character can BbeA 0 RaActuator or Reaction blocks, respectively)

The sixth and the seventh characters provide the location of the semibis their
corresponding section, measuiadnchesfrom theupper edgdafter the beam is flippetb its

testing positiohof the corresponding surface for ttog andbottom surfaces and ti&outh edge

of theside surfaceas shown in the drawing.hes e t wo charact eforthet ake
sensors monitoring displacements of the reaction blocks or actuator supports

Theeightand ast character indicates the sensor mea
AZbasqdon he coordi nate system 3sdentifywng the orientatore dr a w
of the Diagonal displacement transducers installed at 45 degrees angle in the horizontal plane)

The summary of the nomenclatdog the instrumentation is provided Higure4-10.

In addition tothe abovementioned sensors, the tests were video recorded from different angles

using 6 to &ameras.

4.5 Data Acquisition

The response of the beams was recorded throughout all tesgsaugata acquisition system,
acquiring data from the sensordla¢rate of 25 Hz.
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Figure 4-8 Beam 2 Instrumentation (capacitylevel tests)
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Sensor location wrt. middle:

E: East

W: West ensor distance from middle (ft.)

M: Middle

S tvpe: /Measurement orientation
ensortype. —— (see coordinate system)

D: Displacement transducers DW1 1 BOSY D- Diagonal

G: Strain Gauges \£ - iag

A: Accelerometers ensor distance from edges (in)

Sensor location in section (see figure below (measured as shown below)

S: Side S

B: Bottom —>

T: Top l O LT (Actuator side)
A: Actuator B

R: Reaction block

Figure 4-10 Instrumentation nomenclature



CHAPTER 5

TEST RESULTS
5.1Beam 1
5.1.1Servicelevel teds: Unretrofitted Beam
During theserviceload testghe actuatorsvereforcedcontrolled andeach of the two actuators
was set toappl the same loading profile ttné beamto represent the design service load as
discussed in a previous sectiofhese tests were conducted to allow the comparison of the
condition of the beams prior to the retrofit but also provide a measurement of the difference in
the behavior under service loads due to the FRP application.
The history of the total forceapplied to Beam Huring the servicéevel testsis presented in
Figure5-1. At the beginning of the first test, the actuatoushing the beam had t@ercomethe
resisting frictionbetween the gravity supports and the floor ema/ed the beam so that itame
to full contact withthe suppors at the beam end3he gaps introduced during the placement of
the beam were unavoidable due to the weight, dimensions, and imperfections of thénbeam.
addition to translation,his motion involves rotation about the support with which thanbe
makes thdirst contact causing fluctuations in the for@s shown irFigure5-1. Hence, the test
was repeated. With the beam already in full contact with the supports place after the first test, the
force profile is more stable and closer to the intended load pratotteé second tesMoreover,
in the case of the repedatioading cycle therecordeddisplacement of the beamainly includes
the deformation of the beam due to bendinbereasn the first testhe recorded movement was
a result of thecombinal translations and deformatioof the beam The force-displacement
responsgof the first and thesecond loading cyclemeshown inFigure5-2. The comparison of
the responsesndicates that the beam translation had a significant contribution to the
displacement respongecorded from the first tesThe separation of th translation from the
beam deformation, which is the parameter of interest, is not feaEldesfore, theliscussion of

theservicelevel test focuseon thesecondcycle
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—Service-level test
—Repeat service-level test
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Figure 5-1 Total force time series during the servicdevel testof unretrofitted Beam 1

The strain was measured at four locati@mrsthe middle section of the beam and the results are
presented irFigure 5-3. As expectedmaximum tensile (positive) and compressive (negative)
strains were recorded at the bottom and the top of the cross section, respectively. The strain
profile at the peak force, shown Figure 5-4, closely follows a linear variation of strain along

the height of the section, which agrees with the kinematic assumption used Hseutes

analyseghat plane sections remain plane

T ) I I

40 — .«»"’J/J' —Service-level test
o MN/V I —Repeat service-level test
% 30 / }
gor S — 7 y
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Z0p ¢ / / /
el / A

-10 L‘ | | 1 | | 1 1
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Displacement (in)
Figure 5-2 Total force vs. mid-span displacementduring the servicelevel tests of
unretrofitted Beam 1
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Figure 5-3 Strain time seriesduring the servicelevel test of unretrofitted Beam 1
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Figure 5-4 Strain profile at the peak force during the servicelevel test of unretrofitted
Bean 1

5.1.2Servicelevel tests: Retrofitted Beam

The variation of the total force applied to the retrofitted beam duringdhend cycle of the
servicelevel test is presented Figure5-5. While thepeak force is close to that achieved during
the tests of the unretrofitted beaansmootheroadingprofile is achieved mainly as a result of
adjustments made to the gravity supports to reduce the fridttendrop in the frictioncan be
observedn the forcedisplacement response of the beam to the tests conducted prior to and after
the retrofit as presented Figure5-6. The frictionresults in arilinear response during bothe
loading and unloadingtagesof the unretrofitted beamOn the other hand, the friction is
overcome at the onset thfe loading and unloading of thretrofitted beam, resulting in a bilinear
responselt can be observed fromigure 5-6 that the retrofitted beam displaces less than the
unretrofitted for the same level of force. Moreovédre maximum miespan displacement is
reducedby approximately 2.5 percemis a result of the retrofitndicating an increase ithe

stiffness of thdbeam

Total Force (Kips)
\
\
/

0 100 200 300 400 500 600
Time (Sec)

Figure 5-5 Total force time series during the repeat servicéevel test of retrofitted Beam 1

53



50 : |

— Unretrofitted
— Retrofitted

40

=

20~

Total Force (Kips)

;

0 0.05 0.1 0.15 0.2 0.25
Displacement (in)

Figure 5-6 Total force vs. mid-span displacementurin g the repeat servicdevel testsof
Beaml

The strainmeasured from the concrete and the FRP lamatétee bottom face of the beaane
comparedin Figure5-7. The measurementdosely match each otheindicatingan adequate

bond between the FRBminate and the concrefEhe strain profile at the peak forcareplotted

for three sectiong Figure5-8. Similar to that of the unretrofittebleam,the variation of strain

along the height of each sectimmnearlylinear. Figure5-8 also indicates that the location of the
neutral axis is similabetweenSections a and c, whilé is elevated inSection b. This can be
justified by considering @i Section ds a box section as shown kigure5-8 and therefore, its
centroid is shifted towa the top of the section when compared to solid rectangular Sections a
and b.This indicates that the concrete in the solid sections contributes to the tensile resistance of
the section at this level aepplied moment

0 100 200 300 400 500 600
Time (Sec)

Figure 5-7 Strain time series duiing the servicelevel test ofretrofitted Beam 1
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Figure 5-8 Total force time series during the repeat servicéevel test of retrofitted Beam 1

5.1.3Capacity-level test

Following the servicdevel test and its repeat, the retrofitted beamas subjected tca
displacementontrolledtest until failure. The history of the total force applied to Beam 1 is
presented ifrigure5-9. As discussed in a previous section, the applied force is resisted by beam
deformation as well as the friction between the gravity supports and the floor. The latter has to be
removedfrom the total force to obtain tHerce responsible for the beam deformatidhe total

friction force estimated fronthe unloadingoranchof the repeat servielevel test is equal to

21.09 kipsfor Beam 1 and isleducted from the total force as showrFigure 5-9 (as for the
actuator force, half of the friction is deductedhless stated otherwisdhe values of force and

moment presented in this report will reflect the restllevel force due to friction.

—Total Force
——Total Force w/o Friction
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w
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|
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Figure 5-9 Total force time seriesduring the capacity test of retrofitted Beam 1

The force applied by each actuatsimown inFigure5-10, indicateghat prior to the bearailure
the east actuatohad a significantly lower contribution to the total force compared to wlest

actuator althoughthe same displacemecdmmandsvas given for botlactuatos. Once the test
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was completed, the reason for this discrepancy was investigdtethvEstigation after the tests
concludedthat the observeddifferencewas a result ofan error in themeasurementsf the
displacement of theast actuator

This ispresented ifrigure5-11, which shows that the actuator displacemertading which was
used bya controllerto give displacement commasitb the actuatqrwasexceeding the actual
displacement due to a calibration erfbnerefore the east actuator was only displacatgput80%
of the given commanadnd consequentlyit was applying lower force compared to the west
actuator.This problem was fixed for the following tests.

140 T T T

120 //_‘l/__ — West Actuator Force

/

— East Actuator Force
100 / o
sol ——— 7
S oot ‘L — -~
T e AT S e T /-’//
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Figure 5-10 Actuator force time series during the capacity test of retrofitted Beam 1
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Figure 5-11 Error in the displacement readby the East actuator

The bendingmomentat the location of the actuators was calculated from the actuator forces and
plotted against the corresponding beam rotations as shokigure5-12. It should be noted that

in a fourpoint-bending testjf the applied forces are equal, the bending moment is constant
between the two actuators. In the case of uneven fatttesnaximum momendccurs atthe
location of application ofthe higher forceln the case of Beam 1lhé momentat the west
actuatorrepresents the maximum moment demand in the béanthe demandincreased, the

concrete in tension reached its tensile stremagith cracked. Thited to a reductionin bending
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stiffness as is evident from the change in the slope of the meawtatibn response curve. The
concrete crackingan also benferred fromthe comparisonof the strainbetween the concrete
andthe FRPlaminateat the bottom face of the beaas shown irFigure 513. As the cracking
momentwas reached, the strain in the concrstarted to rapidly deviate from that in the FRP
Laminate. This indicates a crack was initiated within the boundaries of the strain gaige
observation also suggests that #teins measured from the concretetension at moments
beyond the cracking momemtay not represent the state of stras a crack may or may not
cross the strain gges Therefore, e history of the tensile strain is obtained from the gauges
installed orthe FRPlaminateas shown irFigure5-14.
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Figure 5-12 Moment vs. beamrotation during the capacity test of retrofitted Beam 1

Beyond the cracking moment, the beam resistedintbeeasingdemand until debonding was
initiated on thewest side of the beams shown irFigure5-12. The debondingcaused arop in
the strain on thevest of the beam as illustrated kigure 5-14. A smaller strain drop was
recorded at the middlevhile a slight increase in the strain occurred on the East Ficis
observation indicates th#te force alongthe FRPlaminate was redistributed and therefore, the

moment resistance started to increase following the debonding. This increase was interrupted by

FRP delamination, concentrated mainly on the West aislindicated by the drop themoment

and strairin Figures 512 and 514, respectivelymarkng the failure of the FRP system.
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Figure 5-13 Strain time series measured at the onset of concrete cracking at the mid spi

Figure 5-14 Strain variation on the FRP laminate during the capacity test of retrofitted
Beam 1

Figures 515 through5-17 present the state of the damage following the FRP failure. Spalling of
concrete cover attached to the FRRBs observed, exposing the prestressing strands. Also, the
anchors on thevest side of théeam were pulled out along with a cone of concrete surrounding

them as shown ifigure5-16. The FRP laminate slidelative to the concretat the west end of
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