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DESIGN AND ENVIRONMENTAL PERFORMANCE OF NEAR-SURFAC E
MOUNTED CARBON FIBER REINFORCED POLYMER STRIPS FOR SHEAR
STRENGTHENING REINFORCED CONCRETE BRIDGE GIRDERS

1. INTRODUCTION

Many reinforced concrete deck girder (RCDG) bridgese constructed in the 1950’s and
1960’s during expansion of the highway infrastroetun the United States. These now old
bridges were designed with light shear reinforcanaamd are reaching the end of their
intended design life. Since the bridges were ptlik magnitude of traffic loading and
traffic frequency has increased. The specificatiarsed for their design are now
considered deficient. Recently, the Oregon Depamtnof Transportation inspected
approximately 1,800 of these vintage RCDG bridges identified over 500 with varying
levels of diagonal cracking [Williams and Higgir)08]. The diagonal cracks in RCDG
bridges indicate overestimation of the concretdriaution to shear during original design.
Upon performing more detailed evaluations, someddas have been identified as
deficient. Replacing all shear-deficient RCDG Bbedd in Oregon exceeds the available
resources. Therefore efforts to repair bridges extdnd their useful service life are of
interest. One potential strengthening method &r-sarface-mount (NSM) retrofit using
carbon fiber reinforced polymer (CFRP) strips (N&WRP). This is a relatively new
technique and it is uncertain how long these matemwill withstand field conditions
including environmental exposure. This researdmeres shear repair with NSM-CFRP

strips and its potential service life under envinemtal exposure.



2. BACKGROUND

There are several methods and materials that canséeé to retrofit a RCDG bridge.
Carbon fiber has some patrticularly beneficial btttés as a retrofit material because it
resists corrosion and has a high strength-to-weigtiv. One retrofitting technique that
has gained recent popularity is externally bondsgghir (EBR) with CFRP sheets. This
method uses wet layup construction and bonds CHREts to the surface of the concrete
member typically in a u-wrap configuration. The RFF sheet is exposed on the outer
surface, which can make it susceptible to bothrenmental deterioration and vandalism.
Research has identified that environmental exposatses the CFRP sheets to debond

from the concrete, resulting in lower shear capejiMitchell, 2008].

The emerging NSM technique places reinforcemeit gnooves that are saw-cut
into the concrete surface. The NSM reinforcemectinique is not a new idea. Literature
references date back to Asplund in 1949 who dissussreinforced concrete bridge in
Sweden strengthened with steel rods embedded iotvgs on the concrete surface [De
Lorenzis,et al 2001]. Using CFRP reinforcing with the NSM tejue has potential
benefits which should alleviate several of the ERRofitting issues. By placing the
CFRP strip in a groove it is expected to be lesseptible to environmental deterioration.
The strip is surrounded by epoxy and bonded togtbeve on three sides. This could
produce a stronger bond compared to the EBR teghrgand prevent peeling. Another
advantage is that the NSM technique requires ledace preparation of the concrete and
less adhesive than the EBR technique. This shmialkk it less expensive and quicker to

install.



2.1 Literature Review

2.1.1 Shear Strength

The idea of NSM retrofitting with CFRP bars isIstédlatively new. Only a few studies

have examined this technique for shear reinforcing.

The first experiments to examine NSM retrofittinghwCFRP rods as shear reinforcement
were performed by De Lorenziet al. [2001]. Eight small-scale specimens were tested.
The T-shaped specimens were 3 m (10 ft.) long &&drdm (16 in.) tall. The specimen’s
flanges were 381 mm (15 in.) wide and 102 mm (#thick and the web was 152 mm (6
in.) thick. The specimens were tested under faimpbending with a shear span of 1.07
m (42 in.). This corresponds to an a/d radio off®.ensure a shear failure, the specimens
were constructed with two 28.7 mm (#9) bars aauflakreinforcement. Deformed 9.5 mm
(#3) round CFRP rods were used as NSM reinforcifige NSM grooves were a square
measuring 19 mm (0.75 in.). The adhesive was BASFncresive paste. The specified
epoxy tensile strength is 13.8 MPa (2000 psi). @&ithe specimens had no internal steel
stirrups for shear reinforcing and two of the spesis had 9.5 mm (#3) stirrups spaced at
356 mm (14 in.) . Five of the specimens withoutsfis were reinforced with NSM-CFRP
rods and one was used as a control. The fivewiefl beams varied the CFRP rod
spacing between 127 and 178 mm (5 and 7 in.). @y examined inclination angles of
the NSM from 45° to 90°, and anchoring of the CFB@& into the specimen flange. They
reported large gains in shear capacity for the N8forced specimens compared to the
control specimen. The largest gains were exhibitetie specimens with bars inclined at
45° or specimens with rods anchored into the flan@é the two specimens with internal

steel, one was used as a control and one was megafavith NSM-CFRP rods at 178 mm
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(7 in.). A gain in shear strength was reportedtf@ specimen with NSM reinforcing
compared to the control specimen. However, thength gain was not as large as the

increases in the similar specimens without inteste| stirrups.

The first tests performed on prestressed girdess thcorporated NSM-CFRP shear
strengthening were done by Nanet, al. [2004]. The test specimens were full-scale
prestressed bridge girders. Two damaged prestielssle-T girders were retrieved from
a bridge in Kansas and cut longitudinally. Thisated four single-T test specimens that
were 12.2 m (40 ft.) long and 584 mm (23 in.) de&pe specimen flange was 125 mm (5
in.) thick and 914 m (36 in.) wide, and the web W&5 mm (4.5 in.) thick. The specimens
were tested using four-point loading with a shgaansof 3.6 m (12 ft.). Of the four
specimens one was tested as a control and two sireregthened with EBR-CFRP sheets
for flexure. These are not applicable to this gtuslt the fourth specimen was retrofit
with EBR-CFRP sheets for flexure and with NSM-CF&Rps for shear. The research
used Hughes Brothers Aslan 500 tape with dimensiérizs mm by 16 mm (0.08 in. by
0.63 in.) for the CFRP strip material. The NSMares were spaced every 203 mm (8 in.)
along the girder. The grooves measured 6 mm (@.24vide and 19 mm (0.75 in.) deep
and were cut at a 60° inclination. The report sbdwhat the specimen strengthened with
both EBR and NSM actually failed in flexure. Thises not allow the shear capacity to be
determined. However, the specimen still had aifsogmtly higher ultimate capacity than
the beams strengthened only for flexure, which destrates the NSM-CFRP strips did

contribute to the girder’s strength.

Barros,et al. [2006] conducted NSM-CFRP experiments on rectargotam specimens.

A total of 20 specimens were tested which incluted different sized specimens to
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investigate beam depth effects. The larger spewngpanned 1500 mm (59 in.) and
measured 150 mm by 300 mm (5.9 in. by 11.8 in.he $maller specimens spanned 900
mm (35.4 in.) and measured 150 mm by 150 mm (5.Byir.9 in.). The specimens were
constructed with various shear reinforcing. Oneugrof specimens was made with no
shear reinforcing as controls. One group was with various spacing of standard steel
stirrups that were 6 mm (0.24 in.) diameter. Awotbet was reinforced with the U-shaped
EBR technique using S&P C-Sheet 530 as the matefiiake final set of specimens was
reinforced with the NSM technique using S&P lamin&-K 150/2000 strips which have
dimensions of 10 mm by 1.4 mm (0.39 in. by 0.55. invarious NSM groove spacings
were investigated along with 45° and 90° groovergations. The NSM groove measured
5 mm (0.3 in.) wide and 12 mm (0.4 in.) deep. Taleate the influence of the
longitudinal steel, the longitudinal reinforcingtimwas also varied. The maximum
capacity, deflection, and strengthening contrimgiger unit length were assessed in the
report. Different failure modes were reported foe tNSM retrofit specimens including
flexural failures and the end of CFRP strips slhigpi Another reported failure mode was
two concrete lateral walls separating from the rinteconcrete and the interior core
rupturing in shear. The NSM technique, especidily 45° orientation, was the most
effective strengthening method in terms of incnegdbeam load carrying capacity and
deformation at failure. Barrcet al. did not specifically study the relationship betwebe
amounts of flexural reinforcing steel and sheaergjth. However, they did note that an
increase in the flexural reinforcing ratio leadsato increase in the shear strength of the

beam.

Further investigation using NSM-CFRP retrofittingisvperformed by Diagt al. [2007]

on T-beams that had a low concrete compressivagitre The specimens test day
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compressive strength was 18.6 MPa (2,700 psi). speeimens spanned 2450 mm (96.5
in.), had a depth of 356 mm (14.0 in.), a flangelttviof 450 mm (17.7 in.), a flange
thickness of 100 mm (3.94 in.), and a web width180 mm (7.09 in.) A total of 13
specimens were constructed including controls. $eries of specimens were constructed
with different internal steel stirrup spacings @03mm (11.8 in.) and 180 mm (7.09 in.).
These specimens were retrofit with various quastitif NSM-CFRP strips oriented at 90°,
60°, and 45°. The CFRP strips used were S&P CRK2®0 which have a width of 10
mm (0.39 in.) and a thickness of 1.4 mm (0.55 ifthe NSM grooves were 5 mm (0.2 in.)
wide and 12-15 mm (0.5-0.6 in.) deep. Based orp#reent of capacity increase, it was
reported that the contribution of the NSM reinfagiwas negatively affected by the
proportion of internal steel stirrups. Reducing thternal stirrup spacing from 300 mm
(11.8 in.) to 180 mm (7.09 in.) reduced the averstgear strength increase from 27.4% to
16.2%. The specimens exhibited diagonal shearréaland it was noted that by reducing
the concrete strength, the concrete around thpsswias more likely to detach during
failure. As a result, the added shear strengtlriborted to NSM reinforcement decreased

as the concrete strength decreased.

Dias, et al. [2008] performed tests on more T-beam specimemgfitewith NSM-CFRP.
Twelve specimens were constructed and nine werefitetvith NSM-CFRP strips. The
specimens’ spans, dimensions, CFRP type, and N%idvgrsize were the same as the
reported factors in Dia®t al. [2007]. The experimental program included control
specimens with no shear reinforcing and internaélsstirrups with a 6 mm (0.24 in.)
diameter spaced at 130 mm (5.12 in.) and 300 mn8(ihl). The retrofit specimens all
had the wider internal steel stirrup spacing anassted of three different NSM groove

spacings and three orientations of 90°, 60°, arid Results were reported for both service



level loads at a deflection of L/400 and a maximeapacity. It was determined that the
CFRP strips at 60° was the most effective, 45°%#wnd best, and 90° the least effective.
The specimens retrofit with the highest percentaig€FRP strips and wide steel stirrup
spacing exhibited almost the same maximum loadhascontrol with the tighter steel
stirrup spacing. It was noted that the NSM-CFRipstcontributed significantly to the

stiffness of the beam after formation of diagomatks.

The effectiveness of shear strengthening with NSMRE bars was also examined by
Rizzo et al [2009]. Nine rectangular reinforced concretecgpens were tested. The

specimens were 200 mm (79 in.) long with a 200 mirf {n.) by 210 mm (8.3 in.) cross

section. The specimens were tested under fout-pzading with a shear span of 519 mm
(20.4 in.). The specimens were reinforced with ® 1f0.24 in.) internal steel stirrups

spaced at 160 mm (6.3 in.). All the specimensfbad 22 mm diameter (# 7) bars in the
bottom and two similar bars in the top to prevéexdral failures. One of the specimens
was used as a control and one was retrofit with EBRP sheets in a U-wrap

configuration. The other seven specimens werengtinened with NSM-CFRP bars.

These specimens looked at two different epoxy tyes inclinations of 90° and 45°, three
groove spacings of 45, 73, and 146 mm (1.8, 2B,irb), and round CFRP rods versus
rectangular CFRP strips. The CFRP rods had an §0r8nn.) diameter and were epoxied
in square 12 mm (0.47 in.) saw-cut grooves. ThREBtrips were 2 mm by 16 mm (0.08
in. by 0.63 in) and had a manufacturer’'s tensitergjth of 2.07 GPa (300 ksi.), which is
the same as Hughes Brothers Aslan 500 tape. TRPGEips were epoxied into grooves
that were 5 mm (0.2 in.) wide and 18 mm (0.7 ire¢pl The primary failure mode of the
retrofit specimens was diagonal cracking and them ¢oncrete cover on each side

separating from the core of the specimen. Thelteeshowed that the NSM-CFRP
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reinforcing technique provided more shear stretiggh the EBR-CFRP sheets. The epoxy
with the lower tensile strength and lower tenslkstc modulus provided higher strength
gains. This was reported to be a potential resulthe stiffer epoxy accelerating the
cracking of the concrete. The specimens with eomgar groove spacing failed at a higher
shear capacity. Similarly, specimens with thested5°’ bar inclination failed at a higher
shear capacity. They report that the capacityhef apecimens retrofit with rectangular
strips was slightly less than the capacity of speais retrofit with round rods. This was
attributed to the increased stiffness from the NSKWRP strips accelerating the particular
failure mode for those specimens. The researdsirsowledge that further experimental

research of beams strengthened with NSM-CFRP bashtar is needed.

Anwarul Islam, [2009] performed experiments on speoas with internal steel and NSM-

CFRP shear reinforcing. Four rectangular specimerg tested that measured 2134 mm
(7.0 ft.) long, 305 mm (1.0 ft.) tall, and 254 (it0) wide. One specimen was a control
with steel stirrups spaced at 152 mm (6.0 in.) Bpecimens had NSM-CFRP reinforcing
and steel stirrups at different spacings and the¢ $pecimen just had NSM-CFRP

reinforcing spaced at 190 mm (7.5 in.) The intesteel stirrups were 10 mm (#3) bars.
The NSM material was Hughes Brothers Aslan 200 bargh have a 10 mm (#3)

diameter. The epoxy used was BASF Concresive 142 NSM grooves measured 13
mm (0.5 in.) square. The specimens failed in shmatrno debonding or fracture of the
NSM was observed. The paper reports that the NSHRFprovided shear strength gains
of approximately 20% the base capacity and thatrtbasured strain in the CFRP bars only

reached approximately 33% of the ultimate tengiizirs



Howell, [2009] investigated NSM-CFRP retrofittingh @ full-scale reinforced concrete

bridge girder. One inverted T-beam specimen wastcocted with a total length of 7925

mm (312 in.). It was tested under four-point Ioadivith a shear span of 2997 mm (115
in.). The cross section height was 1219 mm (48 the flange width was 914 mm (36

in.), the flange thickness was 152 mm (6 in.), gredweb width was 356 mm (14 in.). The
specimen was reinforced with 12.7 mm (#4) intestatl stirrups at 457 mm (18 in.). It

was retrofit with an NSM groove spacing of 749 n#8.6 in.). The groove measured 6.4
mm (0.25 in.) wide and 19 mm (0.75 in.) deep. T#RP used was Hughes Brother's
Aslan 500 tape and the epoxy used was 3M DP460N& specimen was subjected to
initial loading to produce diagonal cracking befoegrofitting to represent a bridge girder

in the field that would be repaired. The failurethod was a diagonal shear crack which
crossed only one CFRP strip. At failure, the ceteraround one end of this strip broke
and the strip burst off of the specimen. Compaeoetie control shear capacity, the retrofit
specimen showed an insignificant increase in s&angth and no definitive conclusions
could be stated about the NSM-CFRP contributiohis Tvas attributed to the specimen’s
large NSM-CFRP strip spacing.

More T-beam specimens retrofit for shear strength WSM-CFRP strips were tested by

Dias, et al.[2010]. The specimens’ dimensions and materi@gstee same as those used in
Dias,et al.[2007]. A total of 15 specimens were construd¢tedhis research. They were

reinforced with 6 mm (0.24 in.) internal steel stps spaced at 300 mm (11.8 in.). Three
specimens were controls, three were retrofit WBRECFRP sheets, and nine were retrofit
with NSM-CFRP strips. The NSM retrofit specimersltvarious CFRP strip spacing and
inclinations of 90°, 60°, and 45°. The failure motbr the wider spaced NSM was

debonding of the CFRP strip, which included bregkif the concrete around the strip.
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The specimens with narrower CFRP strip spacindgsddiy separation of the outside walls
of concrete from the internal concrete core. Tdmiits showed the steeper inclined NSM
reinforcing was more efficient. The specimensafitwith the NSM technique provided
larger shear capacities compared to the EBR stiengtl specimens. The report compares
the experimental CFRP shear contribution to expeectues based on a formulation
provided in Nanni,et al [2004]. The prediction method provided a CFRRash

contribution that was approximately 61% of the expentally determined values.

2.1.2 Predictive Models

Nanni, et al. [2004] developed a method to predict the shepaaty of NSM-CFRP

retrofit specimens. The report provides an equdbo the shear contribution of the CFRP.
This contribution is added to the concrete andl sthear strength to get a total shear
capacity. The CFRP contribution is based on deingnof the strip and uses an effective

length based on specimen geometry and a shear angtd of 45°.

Bianco, et al.[2007] discusses modeling the shear strength iboibn of a NSM-CFRP
retrofit system. The research acknowledges tletdimulation provided by Nanrg| al.
[2004] is based on debonding as the only failurglenoMore current studies have shown
another dominate failure mode is the separatiah@two concrete side walls holding the
CFRP from the internal concrete core. Biaretoal. [2007] proposes a formula for
calculating the CFRP shear contribution accordingcbncrete tensile strength and
specimen geometry. This method is based on a aofadure of concrete around the
NSM-CFRP strips. The method accounts for the a&atitwn of adjacent CFRP strips by

subtracting when the failure cones overlap. Thapgp compares experimental shear
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values from previous research to predicted rangk famls that most of the values fall
within the range. It is mentioned that the metkdods not account for the interaction with

internal steel reinforcing stirrups.

Bianco, et al.[2009] did further research into the bond and niageof NSM-CFRP strips

in shear strengthened beams. They looked at desgrand predicting the bond failure.
Equations were developed for the bond stressemité find infinite bond lengths. Four
bond phases were identified, each with its own yditall procedure: elastic, softening,
softening friction, and slipping. Some observaticdthey made were that the elastic
modulus of the CFRP strip and the concrete onlyigeal marginal increases in the peak
load. More significant increases in bond came friogreasing the CFRP strip cross
section, particularly increasing its depth into theam because this provides more

confinement for the strip.

Anwarul Islam, [2009] used the approach from theefigan Concrete Institute (ACI) to

predict the shear strength contribution of theofétrspecimens. Based on the strains
measured in the CFRP bars at failure, this papgpgses a formula using 0.33% of the
CFRP ultimate stress replacing the effective stireslse ACI approach (the ACI approach

is discussed later in this paper).

Rizzo, et al. [2009b] examines modeling the shear strength diNFRP systems. The
researcher discusses two methods of predicting stiesngth based on debonding of the
CFRP strips. The first method is a simple methwat ts a generalized approach to the
formula provided by [Nanniet al 2004]. The second method is a local bond-slipieho
that is based on an approach used on externallydab@FRP sheets. The paper compares

predictions from the two methods and concludes thatsimpler method can offer the
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same accuracy as the second method, but it doeonsider the failure mode of the outer

concrete separating from the inner concrete core.

2.1.3 Bond

To fully describe NSM-CFRP strengthening, it is orjant to examine the bond

performance of the system. The bonding of the sidheallows stress to be transferred
from the CFRP strip through the epoxy and intodbecrete substrate. Failure of bond in
a NSM system can refer to the epoxy bond to the EFdlling and causing slippage.

Failure of the epoxy and concrete interface, inclgdoreaking the concrete around the
epoxy is also referred to as bond failure. Thitetafailure mode is one of the primary

modes discussed for a NSM-CFRP reinforced beam.

De Lorenzisget al.[2002] experimentally investigated the bond betwBiSM-CFRP rods
and concrete. A total of 22 T-shaped specimens vested. The specimens were 1.2 m (4
ft.) long and 254 mm (10 in.) tall. The flange w4 mm (10 in.) wide and 102 mm (4
in.) thick. The web was 152 mm (6 in.) wide. Tucrete compressive strength was 27.6
MPa (4000 psi). The specimens were retrofit astetkin a manner that put tension in the
CFRP strip. On the bottom side of the beam a tad@ial groove was cut and an NSM-
CFRP rod was embedded with epoxy. The specimensigdy supported when tested
and a point load was applied at midspan causingidenn the CFRP rod until failure.
Variables included bond length, rod diameter, CFRBterial type, CFRP surface
configuration, and size of the NSM groove. The dtengths examined were 6, 12, 18,
and 24 bar diameters. As expected the ultimate iloereased with bonded length of the
rod. The surface configurations looked at was mheéol bars and sandblasted bars. The

deformed bars produced higher average bond strerigén the sandblasted bars. This
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demonstrates that surface texture is importantHerbond performance of NSM-CFRP.
The various groove dimensions tested were squa@vgs of 16 mm (0.625 in.), 19 mm
(0.75in.), and 25.4 mm (1 in.). From the resutsen failure occurred by the epoxy cover

splitting, the larger groove sizes provided higbend strengths.

Hassan,et al. [2003] performed similar tests to that of De Larenet al [2002] to
evaluate bond length of NSM-CFRP strips. A tofdNme T-beam specimens were tested.
The beams were 2.5 m (8.2 ft.) long and 300 mn8(irl) tall. The flange was 50 mm (2
in.) thick and 300 mm (11.8 in.) wide, and the wes 150 mm (5.9 in.) thick. One CFRP
strip was retrofit in a groove on the bottom ofteapecimen. A point load was applied at
midspan until failure to cause tension in the CFRip. The CFRP material was S&P
CFK 150/2000 with dimensions of 1.2 mm (0.05 iny)25 mm (1 in.). Eight different
embedment lengths were considered ranging fromni®0(5.9 in.) to 1,200 mm (47 in.).
The results showed that failure occurred from debanof the shorter embedment lengths.
The longer embedment lengths of 850 mm (33.5 n)200 mm (47 in.) failed by rupture
of the CFRP strips. This study demonstrated armim embedment length needed to get

full use of the CFRP strips and cause it to failupture for flexural stress conditions.

Sena Cruz, et al. [2004] modeled the bond of NSNREIStrips to concrete based on pull-
out tests. The researchers developed a bond-stieselationship for the bond between
concrete and CFRP laminates. It is reported thase the relationship research is needed

to assess the influence of bond length and epagkribss.

Shield, et al. [2005] examined the effects of adhesive type antibnd of NSM-CFRP
strips. Pull-out tests were performed on six sieadlle specimens for seven different

adhesives. The specimens were 152 mm (6 in.) Ry (6 in.) by 203 mm (8 in.)
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blocks. Additionally, six larger specimens werstéel. These tests used two 610 mm (2
ft.) by 305 mm (1 ft.) by 305 mm (1 ft.) blocks ewmtted with four strips of NSM-CFRP,
one on each side. The blocks were then pulled apéit failure. The CFRP material was
Hughes Brothers Aslan 500 tape. The NSM groove wias 6.4 mm wide (0.25 in.) and
19 mm (0.75 in.) deep. The small-scale pull omgestigated the following epoxies:
Sikadur Anchorfix-3, Master Builders/Chemrex Corsive 1420, 3M DP600NS, 3M
DP460NS, Sonneborn Epofil, Sikadur 35 Hi-Mod LV,da8ikadur 32 Hi-Mod. The
strongest ultimate strengths came from 3M DP460di&sive. Two adhesives were used
on the larger specimens. The 3M adhesive was h&sed on its small-scale performance
and Sika Anchorfix-3 was used because it is a monremonly used adhesive. The results
showed the 3M adhesive provided higher ultimatensfihs. It is reported the 3M adhesive
appeared more ductile at failure, which could pdevihe higher capacities. Shield et al.
also looked at the effect of vibration during theieg of the adhesive. This was done by
cyclically loading a specimen while the adhesivéh@ NSM grooves cured. The point of
this was to examine if traffic vibrating a bridgedgr would affect the NSM retrofit. The
test showed no significant change in strength ftbia cyclical load during the curing

process.

2.1.4 Environmental Exposure

Up to this point no studies have investigated emvitental exposure on beams reinforced
with NSM-CFRP strips for shear. However, studiesiscussed below have investigated

the environmental effects of beams externally mre#d with CFRP sheets.

Green,et al. [2000] and Greenet al. [2003] investigated the effects of freeze-thaw on

procured CFRP sheets surface bonded for flexuednorete. Specimens that were 150
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mm by 150 mm by 400 mm (6 in. by 6 in. by 16 imfad 00 mm by 150 mm by 1220 mm
(4 in. by 6 in. by 48 in.) were used. The specisneere flexurally strengthened and then
subject to various ranges of freeze-thaw cycle80® cycles were induced by freezing in
air and thawing in water. The research reportsadeerse affects from freeze-thaw

exposure on the CFRP bond.

Malvar, et al. [2003] examined the effects of temperature andstae on epoxy. They
used pull-off tests which consisted of bonding $rakiminum dollies to concrete blocks,
exposing them to various environmental conditicmsg then pulling the dollies off in
direct tension. They investigated three differadhesives, three temperatures, and four
different relative humidities. Test results indezh that high temperature and high

humidity produced significant decreases in measadésive bond strength.

Grace,[2004] conducted tests on specimens strengthenedlefikure with EBR-CFRP
sheets subjected to freeze-thaw cycles. The empatiused 2.5 m (8.2 ft.) long concrete
beams with a rectangular cross section that wasrirhd6 in.) wide and 254 mm (10 in.)
tall. The beams were reinforced with CFRP plates fabrics. The beams were exposed
to 350 or 700 freeze-thaw cycles. Freezing ocdumeair while water was used for
thawing. The specimens were tested under fourtplmading after environmental
conditioning. Strength was reduced by 3.3% ando9fbr the respective freeze-thaw

cycles.

Myers, et al. [2005] investigated the effects of environmentgbasure including surface
moisture, relative humidity, and temperature onlibed strength of EBR-CFRP sheets to
concrete. They performed pull-off tests by attagrsmall adhesive fixtures to CFRP with

epoxy adhesive and then pulling the fixture urdilire. The results of the tests showed
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that high humidity, high surface moisture contemd low temperature can reduce bond

strength.

Further research on full-scale RC girders strengttiewith EBR-CFRP sheets has been
done at Oregon State University. Higgired, al [2008] tested reinforced beams for
accelerated environmental conditions including Zesthaw, freeze-thaw combined with
high-cycle fatigue, and water immersion. T andspecimens were tested that had an
overall height of 1219 mm (48 in.), a web thickne6856 mm (14 in.), a flange thickness
of 152 mm (6 in.), a flange width of 914 mm (36)iand a length of 7925 mm (26 ft.).
The materials were based on vintage RCDG bridgéseiield. The experiment tested ten
specimens including two control beams, five beanigest to freeze-thaw (300 cycles),
two beams subject to moisture exposure, and onm Isedject to both freeze-thaw and
fatigue loading. The results showed that moisiufitration behind the CFRP combined
with freeze-thaw caused a reduction in shear pgtifless and shear capacity. Long-term
moisture exposure alone produced no significantedse in shear capacity. Freeze-thaw
combined with fatigue had little effect on sheamaety if water infiltration was
minimized. Fatigue caused some debonding, budlébending was not significant enough

to affect capacity.
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2.1.5 Design Provisions

The emergence of CFRP as an increasingly more constnengthening material for RC
has led to the development of a design guide. cuimeent code for the design of NSM-
CFRP bar retrofitting systems is ACI 440.2R-08.e ®CI guidelines for design are based
on limit state design principles. Using much oé ttesearch referenced in this paper,
minimum groove dimensions, epoxy covering, and graent lengths are specified for
NSM retrofitting. This guide also has provisionsr fcalculating the shear strength
provided by FRP retrofitting systems in generalowdver, this calculation is primarily
based on EBR retrofit systems, and there are noifgpeesign calculations for NSM-
CFRP shear strengthening. Recommendations on ialatetonstruction requirements,
installation, inspection, maintenance, and guidamtevhich FRP retrofitting system to

choose are also included in the guide.

ACIl 440 acknowledges that environmental conditicas have adverse affects on FRP
systems. Possible environmental impacts are lesealkalinity, salt water, high humidity,

high temperature, and freezing-and-thawing cycl&he current approach accounts for
environmental degradation by using a reductiorofalchsed on the exposure condition and

type of FRP material. This table is shown below alsle 2.1.
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Table 2.1 — ACI 440: Table 9.1 Environmental redaurctactors

Exposure conditions Fiber type Environmental
reduction factor €
Interior exposure Carbon 0.95

Glass 0.75
Aramid 0.85
Exterior exposure (bridges,  Carbon 0.85
piers, and unenclosed Glass 0.65
parking garages) Aramid 0.75
Aggressive environment Carbon 0.85
(chemical plants and Glass 0.50
wastewater treatment plants) Aramid 0.70

These modification factors are applied to the desitjmate tensile strength and the design
rupture strain of the FRP. They are the only meA@$ 440 uses to account for
environmental exposure. The reduction factorscamgservative estimates based on the
relative durability of the fiber type. No reseaishieferenced for the bases of these factors.
They do not consider different adhesives or anydbsitrength reductions. These

reductions also do not take into consideratiohaf ERP system is EBR or NSM.

ACI 440 section 9.3.1 also accounts for the respasfsFRP and concrete to thermal
conditions. It states that strains are inducedtalahe different thermal expansion
coefficients of concrete and FRP. It determines tased on research, for small ranges of

temperature change, £39(£28°C), the thermal induced strains do not affect bond

ASTM D 3039 states testing procedures for testiregstrength of CFRP. Similar to other
materials, a strip of CFRP is mounted in grips &atled in tension until failure. This

standard gives provisions on the testing apparaamples, calibration, and conditioning.
Testing procedures are prescribed including thé $psed, testing environment, data

recording, and possible failures.
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3. RESEARCH SIGNIFICANCE

The current state of knowledge on NSM-CFRP sheangthening has several gaps. Most
specimens tested for shear strength with NSM-CRRPsshave not been reinforced with
internal steel stirrups. The studies show largagga shear strength due to the NSM-
CFRP strips, but these specimens are not charstateaf in-situ member details or
proportions. Similarly, most of the test specimbasge been over reinforced in flexure to
insure shear failure. Flexural reinforcing conités to shear strength and influences shear
performance. These flexurally over-reinforced &peas with NSM-CFRP may not
perform the same as those in service with conveatialetailing and proportions.
Experimental data are needed on realistically oea®fd specimens to characterize likely
performance with NSM-CFRP for shear strengthening bridge applications.
Furthermore, very few tests have been performeduthiscale bridge girders. Realistic
specimens have not been used to investigate enviatal effects on NSM-CFRP strips.
Based on this, full-scale tests using common reagiment details and proportions are
needed to quantify shear performance and estabfistalidate design methods for shear
strengthening with NSM-CFRP strips. Environmermgbosure tests must be conducted
on similar full-scale specimens to quantify perfamoe and identify issues that may affect

long-term durability.

Figure 3.1 shows the cross-sections and flexumafareing ratios of specimens identified
in the literature review for a visual comparisonschle. The specimens in this research
will have similar dimensions and flexural reinfargi ratio as the specimen in Howell,

[2009].
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4. EXPERIMENTAL PROGRAM (FULL-SCALE SPECIMENS)

To investigate the effectiveness of shear stremgtigewith NSM-CFRP strips, eight full-
scale girder specimens were constructed and tdstethis research. Specimens were
designed to model the characteristics of full-se@¢age RCDG bridge girders similar to
specimens from Higgingt al. [2004]. All of the specimens had consistent disiens.
The overall length was 7920 mm (312 in.) and thetlueneasured 1220 mm (48 in.). The
web width was 356 mm (14 in.) and the flange wa& @i (36 in.) wide and 152 mm (6
in.) thick. These dimensions are characteristithose found in typical RCDG bridges

designed and constructed in the middle of thedastury.

The flexural bars used in all the specimens werenB86(#11) bars. To insure anchorage,
the flexural bars extended the full length of the@gmens and three of the bars located in
the stem had hooked ends. This anchorage enablett¥elopment of the flexural steel at
critical diagonal crack locations. As discusse@rlaone of the IT specimens had five
flexural bars while the rest had seven. The flakbars in the IT specimens were located
in one layer within the deck, but the T-beam speciswere both constructed with flexural
reinforcing bars in two layers of three bars inhedayer (6 total) in the stem. The

dimensions and flexural reinforcing bars can b& sedypical cross-sections in Figure 4.1.
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Fig. 4.1 — Typical specimen cross-sections

This research considered several important vasalteen considering application of
NSM-CFRP strengthening of RCDG bridges. Two oftpecimens were T-beams which
represent shear in the positive moment region bfidge. These two specimens had
different NSM-CFRP strip spacing and were testedstablish shear strength. The other
six specimens were |IT-beams which represent shetrei negative moment region of a
continuous bridge. Four of the IT specimens wested to establish shear strength and
had various amounts of flexural steel, internatlsstirrups, and CFRP strip spacing. One
of the IT specimens was tested to investigate tfeets of long-term moisture exposure,
and one of the IT specimens was tested to ideatifydeleterious effects from freeze-thaw

exposure. Figure 4.2 demonstrates the naming atioveused to identify the specimens
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and Table 4.1 is the test matrix for the full-scgieler specimens. The method used to

determine the stirrup and CFRP strip spacing isaéx@d below.

No. flexural bars CFRP strip spacing in
5,6,o0r7 inches: 6, or 12

/
IT.7.18.6S

/ T \ Type of test:
S-Strength

Type of beam: Internal steel stirrup M-Moisture
T-Deck in Compression  spacing in inches: FT-Freeze-Thaw
IT-Deck in Tension 18 or 22

Fig. 4.2 —Full-scale girder specimen identification

Table 4.1 - Full-scale girder test matrix

Specimen Speci No. of Stirrup CFRP Test Type
pecimen . )
Type Flexural Spac[ng Spac[ng
Bars (mm) [in.] (mm) [in.]

T.6.18.6.S T 6 357 152 Strength
[18] [6]

T.6.18.12.S T 6 357 304 Strength
[18] [12]

IT.7.18.6.S IT 7 357 152 Strength
[18] [6]

IT.7.18.12.S IT 7 357 304 Strength
[18] [12]

IT.7.22.6.S IT 7 559 152 Strength
[22] [6]

IT.5.22.12.S IT 5 559 152 Strength
[22] [12]

IT.7.18.6.M IT 7 357 152 Moisture
[18] [6] Exposure

IT.7.22.6.FT IT 7 559 152 Freeze-thaw
[22] [6] Effects




25

4.1 Design Method

Before constructing the full-scale girder specimémsthis investigation, a prediction of
the NSM-CFRP strengthened shear capacity was neddleel to the lack of available full-
scale NSM-CFRP test data, it was uncertain as ¢oNSM-CFRP contribution to shear
strength. The approach used in this researchddigirthe shear capacities consisted of
finding the base shear capacity of test specimeadNSM-CFRP) and then estimating the

additional capacity provided by the NSM-CFRP strips

The shear strength of the base specimens withoM-8BRP was calculated using the
program Response 2000 (R2K). This computer progras developed at the University
of Toronto by Bentz, [2000] for analyzing reinfodceoncrete sections. R2K performs
sectional analysis to determine the member strelmggled on Modified Compression Field
Theory (MCFT). This predicted base shear capa¥ityy.nase IS multiplied by a 0.98 bias

for large beams based on experiments done ondalesRC specimens similar to those
considered in this research [Higgiret, al 2004]. Throughout this paper, this bias is
applied to adjust the nominal R2K strength to tkpeeted strength when full-scale

specimens are being modeled.

The next step was to calculate how much additishebr capacity the NSM-CFRP strips
would contribute. From previous research, thetkiisile strength of the CFRP strips was
not reached when specimens failed because theefarlode usually consisted of concrete
cracking around the strip instead of rupturing @€RP. For that reason, an estimated
effective stress for the NSM-CFRP strips was neddedstimate capacity gains. An

estimated NSM-CFRP stress was found by review pégments in previous research and

extracting the average NSM-CFRP stresses from thedeval specimens. A list of the
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previous experimental specimens is shown in Talki?e Because the specimens in this
research and actual bridges have internal trarsvstsel reinforcing, only previous
research which contained internal steel stirrups amontrol specimen with internal steel

stirrups was examined.

Table 4.2 — Previous research specimens usedddicpons

Researcher Conf[rol Streng?hene
Specimen Specimen
De Lorenzis 200l BSV BS90-7A
. 2S-R 2S-7LV
Dias 2007 ISR 4STLV
2S-3LV
Dias 2008 2S-R | 2S-5LV
25-8LV
NB90-73-a
, NB90-73-b
Rizzo 2009 C NB90-45-h
NS90-73-a
Howell 2009 | Control| B.IT.NC.N§
25-4LV
Dias 2010 2S-R | 2S-7LV
2S-10LV

Using these reported values, the base strengtheoppecimens for each experiment was
computed using R2K. The cross-sections were mddeteevery specimen and a graph of
Transverse Reinforcing Pressure vs. Average WebrSteess was created. In this graph,
transverse reinforcing pressure represents theageeshear force from the transverse
reinforcing relative to the web area. A curve wastted by varying the amount of

transverse reinforcing in the R2K models and rdogrthe corresponding shear capacities
for the reported shear-moment ratio in the expeantalespecimens. The values from R2K

were multiplied by a 1.05 bias [Bentz, 2000] basedpast experimental calibration of
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R2K to smaller beam specimens. The nonlinear cleniatic of these curves comes from
MCFT and is not linear like ACI 318 would assuma& éxample graph showing this base

curve is shown below in Figure 4.3.

Transverse Reinforcing Pressure Av*fy/b*s [MPa]
0.0 0.7 14 21 238 34 41 48 5.5 6.2 6.9
650 4.5

600 41
550 3.8
500 34
450 31
400 2.8
350 24
300 21
250 1.7
200 14

180 1.0
0 100 200 300 400 500 600 700 800 300 1000

Transverse Reinforcing Pressure Av*fy/b*s [psi]

Shear Stress Vib*dv [psi]
Shear Stress Vib*dv [MPa]

Fig. 4.3 — Example of base shear curve created i

Using these graphs, the shear capacity of eaclivat@pecimen was converted to stress
and plotted. Then the shear capacity of eachfré#a specimen was converted to a stress
and plotted on the y-axis. By finding the corresgiog points on the R2K curve,
transverse reinforcing pressures were extractad fiee x-axis. The difference between
these values shows the increase in transversereimj pressure that was attributed to the
addition of the NSM-CFRP strips based on MCFT. sTikiillustrated in Figure 4.4. The
R2K curves for all the specimens examined alond whieir control points and retrofit

values are shown in the appendix.
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Transverse Reinforcing Pressure Avfy/b*s [MPa]
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Fig. 4.4 — Example gain in transverse reinforcingspure due to NSM reinforcing

The internal steel stirrups can support the shieassup to the control point. The NSM-
CFRP strips must provide the additional transvensssure to be able to achieve the
reported shear capacity of the specimens. Witlgéne in transverse pressure attributed to

the NSM-CFRP strips, the stress in the NSM-CFRiBsswas then determined as:

: Ay T :
Gainp :b*—sff Equation 4.1
where,
_Gaing* " 5

fe
A Equation 4.2
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The effective stress in the CFRP stripls,) was found for each specimen in the archival

research. Thé, values determined using the above approach amershelow in Table

4.3. The values were tested to see if they fibamal distribution. As shown in Figure
4.5, thefi, values appear to have a normal distribution bex#usy reasonably fit an ideal
Hazen plotting function. The medg value of 441 MPa (64 ksi) from all the previous

experiments was then used to predict the strerfgtiespecimens in this research.

Table 4.3 —f, from specimens in previous research and shear iti@gac

Strengthened Vexp VRZK—base Vexp - VRZK—base ffe
Specimen [KN] |[kips]| [KN] |[kips]| [KN] |[Kips]|[MPa]| [ksi]
BS90-7A 207| 46.9 157 | 35.4| 49.4| 11.]1 596 | 86.5
2S-7LV 164 | 36.9 116 | 26.0{ 48.5] 10.9 378 | 54.9
4S-7LV 189 | 42.5 158 | 35.5| 31.1| 7.0/ 333 | 48.3
2S-3LV 189 | 42.6) 158 | 35.5| 31.6| 7.1 803 | 116.5
2S-5LV 214 | 48.2| 158 | 35.5| 56.5| 12.7 719 | 104.3
2S-8LV 238 | 53.4/ 158 | 35.5| 79.6| 17.9 595 | 86.2
NB90-73-a| 176/ 39.6 105 | 23.7| 70.7] 15.9 NA | NA
NB90-73-b | 149| 33.5 105 | 23.7| 43.6| 9.8 228 | 33.1
NB90-45-b | 151| 33.9 105 | 23.7| 45.4| 10.2 151 | 21.8
NS90-73-a| 173 38.9 105 | 23.7| 67.6] 15.2 NA | NA
B.IT.NC.NS| 740 | 166.0 734 | 165.0 4.4 1.0| 13 1.9
2S-4LV 202 | 455 141 | 31.8| 60.9] 13.7 558 | 81.0
2S-7LV 225| 505/ 141 | 31.8| 83.2| 18.7 500 | 72.5
2S-10LV 239| 53.6 141 | 31.8) 97.0; 21.8 417 | 60.5
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Fig. 4.5 — Distribution ofi.from previous research

4.2 Specimen Shear Design

The estimate for the stress contribution of the NSKRP strips allowed the shear
reinforcing for the test specimens to be design€He first step was to create transverse
reinforcing versus average shear stress relatipssior the IT and T specimen cross-
sections. This was done using the same methodsasibded above by varying the amount
of transverse reinforcement and using R2K to s@saeh typical cross-section for the
shear-moment ratio used in the experimental seflipe graphs for the typical IT and T
sections are shown in Figure 4.6. For design,etligaphs were based on an estimated
concrete compressive strength of 27.6 MPa (4000 asd manufacturer reported
reinforcing steel strengths of 467 MPa (68 ksi)tfar flexural steel and 352 MPa (51 ksi)
for stirrups. For more accurate strength predastiafter construction, a separate graph
was made for each specimen taking into accounthday-of-test concrete strengths and

steel strengths from material tests.
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Typical T Specimen
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Fig. 4.6 — Shear curves created using R2K for dipiooss-sections

It should be noted that the graph for the IT sectias curves for specimens with five (5)

36 mm (#11) flexural reinforcing bars and for sey@n36 mm (# 11) flexural reinforcing

bars. These curves are different because thelpesed on MCFT which accounts for the
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effect of flexural reinforcing on shear strength.key feature of these curves is that they
do not represent a linear increase in shear striglssncreasing transverse reinforcing over
the range of values. It can be seen in Figurghhbthe IT curve with more flexural bars
retains the steeper slope over a wider range n$wease reinforcing values. Therefore, by
adding the same amount of transverse reinforcirmptb cross-sections, the shear capacity
of the specimen with seven flexural bars will exthéblarger increase in shear strength than
the specimen with five flexural bars. This intéfac is an important practical
consideration to ensure that a design can actaaljeve the desired strength, especially
for girders with low flexural reinforcing ratiodt is also important because in nearly all of
the previous research on NSM-CFRP strengthenednspes, heavy flexural reinforcing
was used to insure shear failure. Due to this-oei@forcement, the shear strength gains
attributed to the NSM-CFRP reinforcing reportedhea research are likely larger than what
would be observed in realistic field installation¥o consider this interaction, specimens
were constructed with both five and seven flexueaiforcing bars and the same amount of

transverse reinforcing.

In order to observe the shear curves, strengthirapes were constructed with two

different NSM-CFRP strip spacings of 152 mm (6 iagjd 305 mm (12 in.). These
spacings were chosen because they provide suldstatieéngth gains above the control,
and were thought to keep the estimated strengthwbitle flexural capacity of the beams.
Originally, this research planned for two T speaisigwo IT specimens with five flexural

bars, and two IT specimens with seven flexural barbe tested for strength. The two
other environmentally subjected beams were IT speas constructed with the seven

flexural bars and 152 mm (6 in.) NSM-CFRP spacimbis provided the largest difference
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in shear capacity between the specimen and theetmfit control so any degradation due

to environmental exposure would be easier to djsigh.

All of the specimens were to be constructed wi#b@ mm (18 in.) internal steel stirrup
spacing to match previous tests done at Oregom Shaiversity and represent a realistic
amount of internal steel stirrups above the minimwaguired by design specifications.
The first specimen constructed and tested was amitiT seven 36 mm (#11) bars. This
specimen turned out to be stronger than prediatedveas at the limits of the hydraulic
testing capacity in the laboratory. Therefore, ohéhe IT specimens with five bars was
not constructed; instead an IT with seven flexbiaais, 559 mm (22 in.) stirrups, and 152
mm (6 in.) NSM-CFRP spacing was constructed toassa control in order to lower the
final failure load of the remaining unconstructggec@mens. The one IT specimen
constructed with five bars was also constructechvit9 mm (22 in.) stirrups and
strengthened with 152 mm (6 in.) CFRP strip spadmnyg this specimen started to fail in
flexure. To achieve a shear dominated failuref, thel NSM-CFRP was removed by saw-
cutting it out of the specimen. This will be dissad further in the results section, but this
resulted in the specimen having 305 mm (12 in.) EFRRip spacing. With all these
factors taken into account, the specimens consiiuate shown on the curves in Figure
4.7. The baseline points represent the crossesettstrength without any NSM-CFRP
retrofit. The predicted shear strengths of thecispens based on these curves are listed in

Table 4.4,



Shear Stress Vb dv [psi]

Shear Stress Vh*dv [psi]

Fig.

Typical T Specimen

Tranzverse Reinforcing Pressure Aviiy/b*s [MPa]

0.0 0.3 or 1.0 1.4 1.7 241 2.4 28
450 3.4
400 2.8
350 & in. ':-F.RP . 24
=0 Baseline 2
25 | 1.7
200 14
150 | 1.0
100 | | | 0T

&0 — B bar, M =T42 03
| | | —— Fleseurs] Capacity

0 0.0

0 50 100 150 200 250 300 350 400
Transverse Reinforcing Pressure Aviyib*s [psi]
Typical IT Specimens
Transverse Reinforcing Pressure Aviyib*s [MPa]

0.0 03 0.7 1.0 1.4 1.7 21 24 23

700 4.3
T bar, MWV =654

B00 41

SO0 e 3.4
g in. CFR/ 5 bar, M\V=5.36

b f2in. CFRP [ oo

1& in. stirrup
0 stirrup : : : : : =4
oL
. — Flexural Capacity
0 Baselinez | I | e 0.0
0 S 100 150 200 250 300 350 400

Transverse Reinforcing Pressure Aviyib*s [psi]

Shear Stress V'b*dv [MPa]

Shear Stress Vib*dv [MPa)

34

4.7 — Typical shear stress vs. transverséamimg interactions for constructed

specimens
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Table 4.4 — Predicted shear strength basdg @erived from previous experiments and
estimated material properties

Specimen Predicted Shear Strength
[kN] [Kips]
T.6.18.6-S (3) 876 197
T.6.18.12-S (4) 823 185
IT.7.18.6-S (1) 1023 230
IT.7.18.12-S (6) 867 195
IT. 7.22.6-S (7) 965 217
IT.5.22.12-S (5) 814 183
IT.7.18.6-M (2) 1023 230
IT.7.22.6-FT (8) 965 217

A four-point loading scheme was used to test tispgEimens. This setup applies equal
shear stress to both sides of the specimen. Withodifications a specimen would be just
as likely to fail on either side. To ensure faglim the NSM-CFRP strengthened half of the
specimen, the other half was over-strengthened.is @&howed only one side to be

instrumented, strengthened, and observed for tesflinis was done by placing grade 420
(60 ksi) stirrups at 152 mm (6 in.) on the side agife the NSM-CFRP. The stirrup layout

for the specimens can be seen below in Figure 4.8.
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IT Elevation {18 in. stirrups)

13 mm (#4) Grade 280 (40 ksi)

13 mm (#4) Grade 420 (60 ksi) 203 mm 356 mm 2 @ 152 mm
@ 152 mm (Bin) P2 P2 @457 mm {18in.) (Bin) (4l gin)
3

1067 mm (42in.)
152 mm (6in.)
T

B60 mm ' 2997 mm {118 in.) 305 mm 20897 mm {118 in.) 660 mm

(26 in.} (12 in.) (26 in.)

IT Elevation (22 in. stirrups)
13 mm (#4) Grade 280 (40 ki)

13 mm (#4) Grada 420 (60 ksi) 386 MM 2 g 152
@ 152 mm (6 in.) P2 P/2 @ 559 mm (22 in.) Zn?ari':.'_'; N [Usin) (sﬁ.) -
-2 £
1067 mm (42 in.)
152 mm (8 in.)
T F =
660 mm ' 2887 mm (118 in.} 610 mm 2997 mm (118 in.) 660 mm
(26 in) (24 in.) (26in)
T Elevation
13 mim (#4) Grade 420 (60 ksi) 13 mm (#4) Grade 280 (40 ksi)
@ 152 mm (6 in.) P2 PR @ 457 mm (18 in.) e
162 mrm (8 in). e
1067 mm {42 in.) l j
305 mm 2997 mm (118 In.) 610 mm 2997 mm (118 in.) 305 mm
(12in) (24 in) (12in)
Fig. 4.8 — Specimen elevation view with internakestreinforcing
4.2 Materials

4.2.1 Concrete
The concrete used to construct the specimens camed local ready-mix supplier and
was the same mix that has been used in previoeanagsat Oregon State University. The

mixture design is based on AASHTO “Class A,” witls@ecified compressive strength of
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21 MPa (3000 psi). This is representative of whatld have been used in 1950s era
bridges [Higginset al 2004]. The concrete mixture included admixurerag Daravair at
58 mL/n? (1.5 oz/yd) and WRDA-64 at 735 mL/f{19 oz/yd). Before casting, standard
slump tests were performed and water was adjustadhieve an approximate 127 mm (5
in.) slump. Concrete cylinders that were 305 mi ifl) tall and had a 152 mm (6 in.)
diameter were cast from the same truck as eachinspec The concrete compressive
strength was determined in accordance to ASTM C8988M-09a and ASTM C617-09a
Cylinders were tested at 28 days, on the day otmeking, and on the day of strength
testing. Average concrete strengths for 28 dagsthe day-of-test are reported in Table

4.5,

Table 4.5 — Concrete compressive strengths

28 Day Retrofit
Specimen: Compressive Days Compressive
Strength since Strength

[MPa] [psi] cast [MPa] [psi]

T.6.18.6.S 24.8 3604 65 25.7 3729

[¢2)

T.6.18.12.S 28.2 4095 76 29.7 423

IT.7.18.6.S 31.2 4529 56 31.1 450

IT.7.18.12.S 27.8 4039 98 30.9 447

IT 7.22.6.S 24.4 3536 56 27.2 394

IT.5.22.12.S 27.0 3920 59 30.0 435

IT.7.18.6.M 26.5 3838 267 26.8 388

= S 01 O OT O

IT.7.22.6.FT| 29.0 4201 189 30.1 436

The concrete cylinders were cured at ambient teatpeys in the laboratory. The

cylinders for specimen IT.7.18.6.M were not cureder the same submerged condition as
the specimen. However, this difference is neglegtiecause the full-scale girder specimen
cured for approximately 80 days before being sulgetin water. Table 4.5 shows that

even though all the concrete had the same spesifiedgth, the actual strength had a large
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amount of variation and likely contributes to soraiation in the test results, but is

incorporated in the analysis methods describedtar kections.

4.2.2 Steel

Most of the reinforcing steel used in 1950's virtdaridges is 280 MPa (40 ksi) grade
steel. This is different than the 420 MPa (60 k&indard grade bars commonly used by in
construction today. To better represent 1950ddas, the lower grade steel was desirable.
Therefore, the stirrups used for the test sectfdhespecimens were grade 280 (40 ksi) 13
mm (#4) bars. However, Grade 420 (60 ksi) 36 mird (#ars) were used as the flexural
reinforcing because it is difficult to obtain largeameter Grade 280 (40 ksi) bars. The
actual tensile properties of the steel were teftased on ASTM E8/E8M-09a. The
coupons for the flexural #11 bars were machinedrdéw 13 mm (0.5 in.) diameter

samples to be tested. The reinforcing steel eepsdperties are shown in Table 4.6.

Table 4.6 - Reinforcing steel properties from coufests

Bars Grade Yield Strength, 1 Ultimate Strength, f
MPa | Kksi MPa ksi MPa ksi

# 4 Stirrups 280 40 350 50.7 556 80.7

# 11 Flexural bars 420 60 478 69.3 712 103.3

4.2.3 Carbon Fiber Reinforced Polymer

When selecting the NSM-CFRP material it was decitted rectangular strips of CFRP
would be better suited for the present NSM appboathan round bars. The narrow
rectangular strips fit into a thinner saw-cut gredkian a round bar, which means reduced
saw cutting and less exposure to environment. ddangular strip also provides more
surface area for bonding with the epoxy. One & tnly commercially available

rectangular CFRP strips recommended for NSM sthemgihg and the most popular one in
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the United States is made by Hughes Brothers, imaBk Nebraska. Hughes Brothers
carbon fiber has been used in previous researcN3d applications and the carbon fiber
strips have a unique roughened surface. Due t® tHughes Brothers Aslan 500
rectangular carbon fiber tape was chosen as thePCiRterial. Coupon tests were
performed according to ASTM D 3039 to determine alcual material properties. One
issue of testing the CFRP is that the grips of tdst machine can damage the CFRP
causing it to weaken and break at the grips. Tas mitigated by bonding polymer
computer board to the ends of the CFRP couponsesgrips would not damage the fibers.
Only coupons that failed by rupture/brooming weoesidered as demonstrated in Figure

4.9.

Table 4.7 — Hughes Brothers CFRP material propertie

Property Manufacture Reported Measured

Cross Sectional Area  31.2 mrh 0.05irf | 31.2mnm | 0.05irf

Tensile Strength 2068 MRPa 300 ksi | 2366 MPa 343 ksi

Modulus of Elasticity 124 GPa| 18000 ksi 138 GPa| 20,081 ksif

Ultimate Strain 0.017 0.017

*Modulus of elasticity from experiments done by jil, 2009]

Fig. 4.9 — Example of desired CFRP coupon failure
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4.2.4 Adhesive

The adhesive used in this project was Concresig0 Bpoxy made by BASF. It was
chosen because it is readily available from logstributers, relatively inexpensive, and it
is one of the four adhesives Hughes Brothers stgdes NSM installations. Concresive
1420 also performed adequately in the work don&imeld, et al. [2005]. It should be
noted that 3M DP460NS epoxy performed the beshénexperiments from Shieldf al.
[2005] and has been used in Oregon State Univetessty before, but this epoxy was not
chosen for this research due to its expense. @perted properties for Concresive 1420

are shown in Table 4.8.

Table 4.8 — Concresive 1420 manufacturer mater@pdtties

Manufacturer Reported Concresive 1420
Property [MPa] [Ksi]
Tensile Strength 34.5 5.03
Compressive Modulus 2900 420
Compressive strength 67.6 9.8
Bond Strength 20.7 3.0
Ensured Full Cure Time 7 days @ 77F

The epoxy was conditioned between 16 and@760 and 80F) when applied and the
concrete specimens were abovdC4(40°F) when retrofitted. The epoxy was allowed to
cure for at least seven days to ensure a full c@a.colder days a tarp was erected over

the specimen with a heater inside to maintain gu@mperatures within the manufacturer

limits.
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5. RESEARCH METHODS

5.1 Construction & Instrumentation

All of the specimens for this research were comstd in the Oregon State University
Structural Engineering Research Laboratory. That fitep of construction was to attach
strain gages to the steel. Strain gages were glaicmidheight on one leg of each stirrup
on the less reinforced side of the specimen. NMairstgages were placed on the over
strengthened side of the specimen. Strain gages also placed at midspan of the 36 mm
(#11) flexural bars. To protect the gages a wateof layer of sealant was applied, and a
thin neoprene pad and piece of foil was placed eash gage. After strain gaging, the
reinforcing cage was assembled while being suppditea steel frame adjacent to the

formwork. Standard steel reinforcing ties weredugeconnect the bars to each other.

i ’gl'” UL
- amee

S L L !'

-

e 0T

Fig. 5.1 — Example of reinforcing cage
After a layer of form oil was applied to the woodenms, the completed reinforcing cage

was lifted into the formwork. Steel chairs andsgila spacers were used to insure the



42

proper clear cover was achieved. The formwork isted of two T-shaped forms that

allowed two specimens to be poured on each cadagg A separate concrete truck was
used for each specimen due to their size. Condeste cylinders were poured with

concrete from the middle of each truck to ensumem@esentative sample. A concrete
vibrator was used to consolidate the concrete mwiets were used to give the specimens
a smooth top surface. Wet burlap was placed omtdpe specimens to keep them moist
while they cured. The specimens were allowed te @i least seven days before being
removed from the forms. The IT-specimens were ttoaed and cast as a T and then

flipped over after curing.

Before testing, the specimens were instrumentet displacement sensors to measure
overall deformations. On each side of the specg@eh27 mm (5 in.) string potentiometer
was attached at midspan. Support settlements measured at each corner of the beam
over the support with 13 mm (0.5 in.) displacemseisors. These support displacements
were subtracted from the midspan displacementenwve the rigid body deformations
from the specimens. Diagonal displacements wese measured with six 51 mm (2 in.)
string potentiometers that were attached directlthe specimen. The location of all the
sensors on the weaker end of a specimen can bebsé@an in Figure 5.2. When the
specimens were tested, data from all sensors vedlexied along with data from the strain
gages and a 2450 kN (550 kip) load cell which wasated between the specimen and
hydraulic actuator. A more thorough discussionualihe sensor labeling along with

graphs of all the collected data are reportedengjtpendix.
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Embedded
strain gage \
b

N Support displacement
relative to floor

-

Midspan displacement
]’/ relative to floor

—

Fig. 5.2 — Typical specimen instrumentation
5.2 Test Setup
The full-scale specimens were all tested under-paimt loading. To withstand the high
reaction loads, the test frame was located onttbeg floor of the Structural Engineering
Research Laboratory at Oregon State Universitye [6ad was generated with a 2224 kN
(500 kip) working load hydraulic actuator whichsigspended vertically from the reaction
frame. The actuator applied the load to the spesinthrough a spreader beam. The
spreader beam rested on two 51 mm (2 in.) diansttsl rollers which in turn were
supported by two 102 mm (4 in.) wide steel plagsced 610 mm (24 in.) apart at the
midspan of the specimens. Hydro-stone was plaeedden these plates and the concrete
specimen to insure the load was applied throughifarm bearing surface. The specimens
were supported by 102 mm (4 in.) wide steel pl#tes rested on 51 mm (2 in.) diameter
steel rollers on top of reaction beams. The suppeere located 660 cm (260 in.) apart for
IT-beam specimens and 731 cm (288 in.) apart far Thbeam specimens. This
corresponds to a shear span-to-depth ratio of Adb 30 respectively. The T-beam

specimens were also braced at the supports |gtelogllcolumns with rollers which
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prevented the specimens from moving out-of-plartesbill allowed them to rotate as they

were loaded. The test setup and loading dimensimshown below in Figure 5.3.

Reaction Beam

[ 1
b
lI :

Hydraulic Actuator
- y

:

— Load Cell

Spreader Beam

| || || /Specimen

61 mm (24 in.) 27

Strong Floor
Jiil 1 1y il

IT = 6604 mm (260 in.)
T: 7315 mm (288 in.}

Fig. 5.3 — Full-scale test configuration
5.3 Testing Protocol
All of the specimens were pre-cracked before apptia of the NSM-CFRP strips. The
purpose was to make the specimens a better repmésanof in-service bridge girders
which would have cracking when repaired. The spens were allowed to cure at least 14
days after the cast date before being instrumeatedmoved into the test setup for pre-
cracking. All of the specimens were placed in timt setup with the weaker reinforced

end pointing north. Before testing, a grid wasagran the east surface of the specimen
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with chalk lines. These grid lines were space@mimm (12 in.) and labeled from the
centerline out as N1 through N12. This grid wasdut locate cracking in the digital
photos. The location of the internal steel stisruypas found using a profometer and
marked on the surface. The specimens were inctathetvaded to 890 kN (200 kips) to
induce cracking in the member. The 890 kN (200 lopd was chosen because previous
research done at Oregon State University has shivah this load level produces
reasonable diagonal cracking and higher loadstefail the strain gages. The specimens
were tested with a load controlled rate of 4.45&{/kip/s). The loading consisted of 111
kN (25 kip) increments up to 445 kN (100 kips) @hein 222 kN (50 kip) increments up to
890 kN (200 kips) with unloading between each Istp. After each increment, the load
was reduced and held at 111 kN (25 kips) belowrthgimum load so that cracks could be
marked on the beam without compromising safetynducing creep at the peak load. A
digital photo was taken at each load step and wiseshder crack map drawings which are
shown in the appendix. At a load of 890 kN (20@skithe crack widths observed with a
hand held crack comparator were at least 0.76 m03 (0.) for each specimen. After pre-
cracking, the full load cycle was repeated and deds collected again. This was to
retrieve load behavior data for each beam in tlaekad condition (baseline condition)
which could be compared to the data after retiofjitt The baseline data is different from
the pre-crack load data because presence of creksges the distribution of internal

stresses compared to the uncracked condition.

After application of the NSM-CFRP as discussedWwdland for some samples exposure to
environmental conditioning), the specimens weréyda be tested for shear strength. The
specimens were moved into the test setup and metited with the same sensors that

were used for pre-cracking. A slaked-lime whiteskvavas applied to the east surface of
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the specimen to allow new cracks to be observed tlaa chalk gridlines were remarked.
The specimens were then incrementally loaded with KIN (25 kip) load steps up to 445
kN (100 kips) and then 222 kN (50 kip) load stepsta failure. The specimens were
unloaded after each load cycle prior to reloadi@yacks were marked and digital photos

were taken after each load step.

5.4 Saw-Cutting

Following the pre-cracking, grooves were cut in tebs of the specimens. The cutting
was performed by Columbia Concrete Sawing Compahkie groove dimensions were
determined to meet ACI 440.2R-08 section 13.3 whiettes the groove width must be at
least three times the CFRP width and the groovéhdepst be at least 1.5 times the CFRP
depth. Therefore, based on the Aslan 500 dimesdi6 mm (0.63 in.) by 2 mm (0.079

in.) the following must be met.

Groove depth 4.5 * 0.63 in. = 0.945 in.

Groove width >3.0 * 0.079 in. = 0.237 in.

The grooves cut in the specimens had a depth oh25(1.0 in.) and a width of 8 mm
(0.31 in.) to meet the requirements. The grooveseveut vertically into the web of the
specimens and went as close to the flange as thea@ald without cutting into the flange.
The cut reached to within 25 mm (1.0 in.) of trenfie by using a concrete chain saw with
a small point on the end of the saw’s bar. After jrooves were cut, a pressure washer
was used to clean the grooves, and then they vilergea to dry. Previous research has
shown NSM repairs done perpendicular to the craoklea are more effective.

Nonetheless, this research chose a vertical otientdbecause it is more practical to
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construct and does not risk cutting any internaglsstirrups if the concrete clear cover is

incorrect.

Fig. 5.4 — Sawing NSM grooves in a specimen

5.5 CFRP Retrofitting

After the grooves were dry, the specimens werefitted with CFRP. The epoxy used on

the full-scale specimens was Concresive 1420. ak applied with a pneumatic gun and
the adhesive was warmed before applying to instwpgy application procedures. The

first step was to fill the groove about 3/4 fulltiviepoxy. Then a CFRP strip was pushed
into the center of the groove while making surexgpsqueezed out on both sides of the
CFRP strip. More epoxy was then applied to fi# troove and a putty knife was pulled

across the surface to remove the excess adhesive.
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Fig.5.5 — Epoxying CFRP strips into NSM grooves

Some of the CFRP bars were instrumented with sgages. Gages were placed only on
one face of the specimen and were located whererrdaggonal shear cracks intersected
the NSM grooves. A small region was sanded smontthe CFRP for the strain gage to
insure contact but not sanded enough to reducertiss-sectional area of the bars. A wire
was placed on the gage that extended out of theyegm strain could be measured in the
CFRP at the crack locations. The CFRP strain gacgtibns are shown in the appendix on

the crack maps for each specimen.

After the installation was complete, the specimeaee allowed to cure at least seven days.
A tent was constructed over the beams with heaterssure curing temperatures. The
beams that cured at a lower temperature weredeéral days past the seven day minimum

to insure full curing.
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Table 5.1 — Retrofit curing temperature and retatiumidity

Specimen Avg. cure temp [FAvg. cure RH [%
T.6.18.6.S 71 58
T.6.18.12.S 71 58
IT.7.18.6.S 71 58
IT.7.18.12.S 64 64
IT. 7.22.6.S 56 72
IT.5.22.12.S 65 65
IT.7.18.6.M 71 58
IT.7.22.6.FT 67 61

5.6 Moisture Exposure Process

After installation of the NSM-CFRP, specimen IT&AM was subject to moisture
exposure. To do this, a tank large enough to tr@dull-scale specimen was constructed
outside the laboratory. It was built with woodeall and a wooden floor and had a
rubber liner to make it water tight. The specimes lifted into the tank with a crane and
set on two rubber pads to allow water to flow bémahe specimen. Steel rods were
placed to hold the walls together and then the taak filled with fresh water until the
specimen was completely submerged. The specimeraliaved to sit in the tank for six
months before being removed to test. This timéodewas chosen to represent a bridge

girder during a full wet season in Oregon.
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5.7 Freeze-Thaw Exposure Process

After installation of the NSM-CFRP, specimen ITZ.&FT was exposed to freeze-thaw
cycles. This exposure was intended to reveal teyngh deterioration from freezing and
thawing typical of Oregon conditions. This was édny placing the specimen in an
environmental chamber that could rapidly freeze #rav the specimen. The chamber
monitors the ambient air temperature and has fakeép the air circulating inside. The
freezing and thawing was achieved with a four stgge. A one hour warm soak at 16°C
(61°F), a 30 minute ramp down to -20°C (-4°F), & bour cold soak at -20°C (-4°F), and
then a 30 minute ramp back to 16°C (61°F). Thelecyamntinuously repeated and
subjected the specimen to eight freeze-thaw cymesiay. The specimen was subject to a
total of 400 freeze-thaw cycles. Type T thermodesipvere used to measure the specimen
temperature throughout the cycles. Thermocoupkre attached to the specimen on both

ends and at midspan to monitor surface temperatuks®, the internal temperature of the
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specimen was monitored at depths of 13 mm (0.5 25%)mm (1.0 in.), and 44 mm (1.75
in.) at midspan. This was done by inserting artte=ouple into a drilled whole that was
then plugged with insulation. The purpose of this to ensure that at least the outside 25
mm (1.0 in.) surface was completely frozen and #@thwluring each cycle because the
NSM grooves were 25 mm (1.0 in.) deep. The locatb the thermocouples and the
typical recorded data are shown below in Figurésaid 5.7. The recorded data show that
even the thermocouple embedded 44 mm (1.75 irijerconcrete was frozen and thawed

during each cycle.

¢
Embedded 1.75 in.
Surface Embedded 1.0 in. Surface
/ (— Embodded 05 n. \
~ Surface
305 mm 305 mm
(12in.) (12in.)

Fig. 5.7 — Thermocouple location on specimen IRBEFT
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Fig. 5.8— Typical temperature data from freeze-thaw cycles

=

When concrete is frozen, water in the concrete perpands and causes deterioratio
the concrete structure [Wight and MacGregor, 20(The standard foireezethaw testing
of concrete ASTM C 666,indicates that freeziraw cycles should be performed un
fully wet conditions becausthe presence of wates what produces concrete deteriorati
This is not practical for this research becausén-situ bridge girder is not going to

fully submerged in water. Inste, the surface of the specimen was sprayed with v
once a day (every eight cycles). This is the sproeess that past research at Oregon :
University has used, and is representative ofdireand road splash from traffic that a-

situ bridge gider would experience. This process made watetadlaito soak into th
concrete and expand during freezing, but also a@tbawvaporation during the warm cycle
A total cycle count of 400 was chosen to represemére environmental conditions that
Oregon RCDG bridge could experience. The work @thll, [2008] provides expecte

freezethaw conditions for various regiolin Oregon based on data supplied by Rer
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Automated Weather Station (RAWS). Representatdégions were chosen as the coast
region (Tillamook), the Willamette Valley (Staytorgentral Oregon (Tumalo Ridge), and
Eastern Oregon (Sage-Hen). The expected numbgeak to reach 400 freeze-thaw

cycles is shown in Table 5.2.

Table 5.2 — Time to achieve 400 freeze-thaw cyetgise lives for regions of Oregon

Freeze-Thaw  yo.rs 1o reach
Region (Station) Frequency
400 cycles
(cycleslyear)
Coast
(Tillamook) 0.73 548
Valley (Stayton) 3.75 107
Central (Tumalo
Ridge) 40.5 9.9
Eastern (Sage 395 10.1
Hen)

The 400 freeze-thaw cycle count clearly represerddferent service exposure life for the
different regions. The Central and Eastern Oregjtas correspond to an approximate 10
year service exposure. However, it is reasonabsssume that most of these cycles occur
with little moisture due to the high desert climated low precipitation in the regions.
Alternatively, the 400 cycle count in the Coastadl &alley sites correspond to a very long
service exposure, but most of these cycles woutdiowith the bridge girder in a wet

condition.



6. EXPERIMENTAL RESULTS

After retrofitting and environmental exposure, @flithe specimens were tested to failure.
Descriptions of each specimen failure along wittmparisons between the measured
specimen responses are reported in this sectionsummary of the salient structural
responses are shown below in Tables 6.1 and th2.cdmbination of the force applied by
the hydraulic actuator and the dead load of theisp:n make up the total experimental
shear force (¥, acting on a specimen at failure. The dead lemcehch specimen was

calculated as the self-weight of the concrete gatin the failure plane assuming the unit

weight of reinforced concrete is 23.6 kN/@50 Ib/ft).

Table 6.1 — Specimen shear loads at failure

Specimen Failure VL V apr Vexe
Mode | [kN] | [kips] | [kN] | [Kips] [kN] [kips]

T.6.18.6.S Flexure 17.3 3.9 992 223.0 1011 227.4
T.6.18.12.S | Flexure 17.3 3.9 1026 230.6 1043 2346
IT.7.18.6.S Shear 18.2 4.1 1191  267.7 1209 271.8
IT.7.18.12.S Shear, 21.8 4.9 1000 224.8 10p2 229.7
IT.7.22.6.S Shear 21.4 4.8 1144  257.2 1165 26R.0
IT.5.22.12.S Shear 19.6 4.4 992 222.9 1011 22[7.3
IT.7.18.6.M Shear 19.6 4.4 1148 2581 1168 262.5
IT.7.22.6.FT | Shear 17.8 4.0 1107 248.9 1125 25p.9

Table 6.2 — Specimen crack angle and midspan diefteat max shear

Specimen Failure Angle from Horizonta Max Midspan Defleatio
East Side West Side [mm] [in]

T.6.18.6.S Vertical Vertical 23.1 yield 0.91 yield
T.6.18.12.S Vertical Vertical 19.8 yield 0.78 yield
IT.7.18.6.S 45° 60° 21.8 0.86
IT.7.18.12.S 28° 28° 23.6 0.93
IT. 7.22.6.S 46° 82° 23.4 0.92
IT.5.22.12.S 35° 35° 24.1 0.95
IT.7.18.6.M 60° 54° 24.1 0.95
IT.7.22.6.FT 41° 74° 22.1 0.87
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6.1 T.6.18.6.5

This specimen failed in flexure at a load of 1984 (446 kips). A vertical crack at
midspan grew as the flexural steel yielded and thenconcrete in the compression zone
failed by crushing. The failure occurred beforgy attempt was made to force a shear
failure. This flexural failure was not desirablechuse the goal of this research was to test
shear capacity. The retrofit specimen was desigoddil in shear, but it failed in flexure
because the shear strength contribution of the NIFRP strips was larger than the
predicted using small specimens in the archivatdiiure. This result shows the minimum
shear contribution from the NSM-CFRP, but the dctslaear capacity cannot be

determined due to the flexural failure mode.

6.2 T.6.18.12.S

This was the second T-specimen constructed anedtedt was the same as the other T-
specimen except it had a 25 mm (12 in.) CFRP spgring. This specimen also failed in
flexure. At a load of 1895 kN (426 kips) the speen deflection increased without
increasing load. This implied flexural yielding darthe test was stopped before the
compression zone was compromised. The supportidosaof the specimen were moved
toward the load point to a span of 300 cm (118 ihis allowed a higher shear force to
be applied by decreasing the moment demand. Téwmsen still began to exhibit flexural
yielding so the support was again moved to the lbfigbe largest diagonal crack. This
was the final attempt to induce a shear failurée the specimen still failed in flexure. The
compression zone crushed at a load of 2051 kN kif&). At failure, the diagonal cracks
in this specimen were more pronounced than ther ofhgpecimen. This implies the

specimen was close to a shear failure. However,atttual shear capacity cannot be
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established as flexural failure occurred. Failpictures of all of the specimens are shown

in Fig. 6.8 through Fig. 6.14

Fig. 6.1 - Specimen T.6.18.12.S was approachirggardailure (specimen is inverted in
photograph prior to loading on a truck for disppsal

6.3 IT.7.18.6.S

This was the first NSM-CFRP strengthened IT spenifoe this research, and it achieved a
shear dominated failure. The specimen also exdubiigher shear capacity than what was
estimated previously. In order to fail the speaimthe hydraulic pressure had to be
increased above the working pressure. This allotvedspecimen to be loaded to failure,
but the hydraulic pump had to be replaced aftdiniggs Since not all the specimens were
constructed at this time, some of the specimengdeswere changed to a wider 559 mm
(22 in.) steel stirrup spacing. This was done cedthe load needed to achieve shear

dominated failure and prevent flexural failures.

Diagonal cracks propagated towards the loadingt@sirthe specimen load was increased.
The failure was a sudden brittle shear failure ttaturred as the concrete separated nearly

instantly at a load of 2375 kN (534 kips). No liy of the NSM repaired CFRP strips
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was hoticeable. The failure plane of this specimvais not identical on both sides of the
specimen, as was the case with many of the spesim€he failure crack on the east side
started at the edge of the loading plate and ragodially at 59° to the specimen flange.
The west side was different because near the Iggumhiimt the failure crack ran behind the
NSM retrofitting for about 81 cm (32 in.) and theoracks at a steep diagonal slope of 60°
down to the base of the stem. The crack on batbssihen ran horizontally along the
junction of the flange and stem for approximately @m (30 in.) and then cracked
diagonally through the flange near the support.thim region where the failure occured
horizontally below the CFRP strips, the concret® alracked behind the NSM retrofit. It
appeared that the CFRP strips made a reinforcel thla¢ peeled away from the steel
reinforced inner core of the specimen over thisrtshegion and at the top of the shear

crack on the west side. This peeling behaviohis in Figure 6.2.

Fig. 6.2 — Specimen IT.7.18.6.S failing aroundX&M retrofit and a bent CFRP strip

6.4 IT.7.18.12-S
This specimen was the same as specimen IT.7.18&&pt it had a 305 mm (12 in.)

CFRP strip spacing. The failure surface was aivelg straight diagonal crack extending
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from the support to about 305 mm (12 in.) away fribva load point. The failure was
brittle, but it took place over a time span of abibuee seconds. The concrete around the
top of the third CFRP strip and the bottom of tbharth CFRP strip on the whitewashed
side of the beam failed. This occurred just ptithe whole failure crack opening and a
still shot from a video shows the concrete explgdanound a CFRP strip in Figure 6.3.
This failure plane is a typical diagonal shearui@land is a different failure mode than
what occurred in the specimens with a six inch CFR#p spacing. The wider NSM
spacing caused the CFRP strips to contribute iddally to the strength gain. An outer
reinforced shell was not formed and no peeling waserved like occurred in the

specimens with a tighter NSM spacing.

Slippage of the CFRP strips occurred in tfeaid 4 strips from the centerline on the east
side of the specimen and on tH& 2™ and %' strips from the centerline on the west side
of the specimen. The CFRP slip can be identifiechiose the top of the strip is no longer
visible. It has been pulled down through the epo&dditionally, some of the CFRP strips
appear to have nearly ruptured in tension; howetes likely that bending occurs during
failure because the strip slips and that contribtbethis rupture. An example of a CFRP

strip slipping and a strip rupturing due to bendang shown in Figure 6.4.
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Fig. 6.3 — Concrete failing around CFRP strip jusor to shear failure

Fig. 6.4 — CFRP bending/rupture combination arpsije at the top of strip

6.5 IT.7.22.6.S

This specimen was the same as IT.7.18.6.S excdm@dit559 mm (22 in.) steel stirrup
spacing. This specimen was constructed becaush#a capacity of the 457 mm (18 in.)
stirrup spacing was too high. One region of carecezound the bottom of a CFRP strip

approximately 152 mm (6 in.) long broke momentakibfore the specimen failed. The
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specimen failed in shear at a load of 2286 kN (kip4). The east and west sides of the
specimen exhibited slightly different failure path§he east side failed similarly to other
specimens; it broke diagonally from the edge ofltdaal plate to the bottom of the stem,
then cracked horizontally along the flange and Stemtion, and then cracked diagonally
through the flange. The horizontal break ran frapproximately 213 cm (84 in.) away
from the centerline to 290 cm (114 in.) from thetee line. The west side failure crack
followed a different path. It cracked along the tf the stem behind the CFRP strips for
86 cm (34 in.). It then cracked vertically downthe top of the flange and horizontally
along the stem junction for 107 cm (42 in.). krihcracked diagonally through the flange
to near the support location. At the top and bottof this shear crack it clearly
demonstrated the outer shell of NSM reinforcinglipgeaway from the inner core of the

specimen. No CFRP strip slippage was visible is fdilure.

6.6 IT.5.22.12.S

This specimen was the only IT beam constructed fiwth flexural reinforcing bars. The
result of this was the specimen had a lower flexcapacity and was difficult to force a
shear dominated failure. The specimen was orilgimigisigned and constructed with a 152
mm (6 in.) CFRP strip spacing. When the specimeas tested it began to exhibit a
flexural failure at a load of 2006 kN (451 kips)This was observable because the
deflection began to grow without an increase irdlodhe testing was halted at this point
to avoid a flexural failure. It was decided thakimg adjustments to force a shear failure
would be more insightful than a flexural failuréhe first adjustment to force a shear
failure was to move the support locations closethtoload point. This changed the shear

span and allowed the specimen to be subjected higleer shear load with the same
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moment demand. The support was moved 305 mm ()2 then the specimen was
tested again. When the specimen was loaded irsétig it reached a load of 2184 kN
(491 kips) and then began to fail in flexure agaiinwas decided that moving the support
any further would start to change the behaviohefdpecimen. The solution implemented
was to saw-cut out every other NSM-CFRP strip.sHssentially gave the specimen a 305
mm (12 in.) CFRP strip spacing. The supports weoeed back to the original position.
The weaker amount of transverse reinforcing allothedspecimen to fail in shear under an

applied load of 1979 kN (447 kips).

One side effect of initially loading this specimentil a flexural failure began is the
flexural steel experienced strain hardening. Ruthis the flexural reinforcing steel would
act linear elastic up until the previous appliedddevels. Using R2K it was determined
that the 476 MPa (69 ksi) steel would begin yiglditt a shear of 818 kN (184 kips) and it
would take 558 MPa (81 ksi) steel to prevent yrdintil the previous shear load of 1001
kN (225 kips). Therefore the flexural reinforcin§this specimen was modeled as 81 ksi

steel to represent the actual materiel propertiestd strain hardening.

The shear failure of 1T.5.22.12.S occurred suddewlhpss the entire diagonal shear crack.
No CFRP strip slippage was visible. Many of theRBFstrips were broken along the
crack, but it appeared to be from tension and bends opposed to pure tensile rupture.
The failure crack followed a similar pattern to ethspecimens. It broke diagonally
through the flange and then cracked horizontalbynglthe flange and stem junction. This
horizontal failure section is approximately 91 ¢36 {n.) long and runs from 259 cm (102
in.) away from the centerline to 168 cm (66 in.)agw From the end of this horizontal

section the crack runs diagonally up to the edgéefoad plate. There was a region at the
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top of the diagonal crack where the outer shelt@icrete separated from the inner core
which caused pieces of the concrete to fall ofb@tween the grooves from the cut out

CFRP.

6.7 IT.7.18.6.M

This specimen was the same as IT.7.18.6.S exceptst submerged in water for six
months before it was tested for shear capacitye dily visible effect of the moisture
exposure was some rust spots on the flange andeotop of the stem where the exposed
steel reinforcing chairs had formed rust. As thecamen was tested, damp areas formed
on the specimen’s surface as water was squeezedramut the induced stress. The
specimen failed in shear similar to the other speoss at a load of 2295 kN (516 kips). At
the 2224 kN (500 kip) load step, just prior to Hpecimen’s failure, two areas of debonded
concrete were visible at the bottom of the stem. e&ample of this is shown in Figure 6.5.
These debonding regions are the beginning of tkeéngefailure mode observed in most of
these specimens. The failure crack ran from thd |wint behind the CFRP for about 61
cm (24 in.) on both sides of the specimen and thacked at a steep 60° angle down to the
top of the flange. The failure plane then ran gltime stem and flange junction to the
support. At the top and bottom of the diagonaktkri appears the outer shell of NSM
reinforced concrete peeled away from the inner obreoncrete. Some of the ends of the
CFRP strips had also visibly debonded from the ispet during the failure. The ends of
these strips had regions with epoxy still bonded esgions of bare carbon fiber; this
implies debonding occurred both by CFRP stripsipglbut of the epoxy and from the
concrete breaking around the NSM epoxy. The bral@rcrete was visibly darker than

other specimens due to its moisture saturation.
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Fig. 6.5 — Specimen IT.7.18.6.M initial peeling asadurated concrete vs. dry concrete
6.8 IT.7.22.6.FT
The specimen was subjected to 400 freeze-thaw cyofore being tested for shear
capacity. The most obvious freeze-thaw damageraading of concrete on the specimen
flange. This was primarily where water was sittengd would not have occurred if the
specimen was in the T-orientation. There were dlapsmall areas of debonded surface

concrete on the web. Some examples of the frdere-¢ffects are shown below.

Fig. 6.6 — Specimen IT.7.22.6.FT effects from feetzaw exposure
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This specimen was constructed with the same detsil$.7.22.6.S, which was the control
for this specimen. It failed in shear at 2211 K97q kips) of load. The east side of the
specimen failed diagonally from the edge of thallpéate to the top of the flange at an
angle of 45°. It then cracked horizontally alohg stem junction for 54 cm (25 in.) and
diagonally through the flange. The west side brioékind the NSM retrofit for the 51 cm
(24 in.) next to the load plate. It then cracked ateeper 70° angle down to the flange and
then horizontally along the flange and stem juncticSlippage of the top of the CFRP
strips was observed in th& 34" and %' strips from the load point on the east side of the
specimen. On the west side, only tHeCFRP strip showed signs of slippage. The bottom
of one strip on each side exhibited debonding o toncrete around the epoxy.
Additionally, one strip on the west side appearddwe ruptured in tension. There is a
clean break with no signs of slippage on either @nithe CFRP to cause bending. This is

the only specimen to achieve pure rupture in a CEtRP.

Fig. 6.7 — Rupture of CFRP strip without slippage



ig. 6.

Fig. 6.10 - Specimen IT.7.18.12.S failure
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Fig. 6.11 — Specimen IT.7.22.6.S failure

Fig. 6.13 — Specimen IT.7.18.6.M failure
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7. COMPARATIVE ANALYSIS

7.1 Comparison of Pre-Strengthened Capacity to PoStrengthened Capacity

The increase in shear capacity due to applicatioN®M-CFRP strips is an important
issue for this research. To determine the cortidhiof the NSM-CFRP to shear capacity
it is necessary to have a base shear capacityaidr gpecimen without NSM reinforcing.
R2K was used again to estimate the base capacigadi specimen with the measured
material properties. Each specimen needed a sep@2K model because of different
concrete material properties. Numerical valuestiier base shear capacityrolpase @and
the difference from the actual measured retrofasitapacity, ¥, are reported in Table
7.1. The difference in these two shear capacillyesis attributed to the NSM reinforcing.
The results presented in this table include thdyaisabias of 0.98 on the work of Higgins

et al [2004].

Table 7.1 — R2K base shear capacity vs. experirhsinéar capacity

SpeCimen pr VR2K—bas¢ Vexp - VR2K—bas¢
[kN] | [Kips] | [kN] [kips] [kN] [kips]

T.6.18.6.S* 1011 227.4 721|0 162.1] 290.5 65.3

T.6.18.12.S* 1043 | 234.5 752.3 169.1] 290.8 65.4

IT.7.18.6.S 1209| 271. 796(3 179.0] 412.7 92.8

IT.7.18.12.S| 1022 229. 794\7 178.7| 227.0 51.0

IT.5.22.12.S| 1011 227. 68019 153.1] 330.1 74.2

3]
7
IT.7.22.6.S 1165| 262.0 673|5151.4| 491.9 110.6
3
)

IT.7.18.6.M | 1168 | 262.% 749.3 168.5| 418.3 94.0

IT.7.22.6.,FT| 1125| 252.9 700/0 157.4| 424.9 95.5

*Minimum values due to flexural failure

Another method of determining the base shear cgpaidescribed by the American

Concrete Institute (ACI). ACl 318-O&%letermines the base shear capacity by
superimposing the concrete shear capacity and stesdr capacity according to the

equations below.
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Vy1g-gase = VetV Eq. 7.1 — ACI 318 (11-2)
V. =24/f " h,d Eq. 7.2 — ACI 318 (11-3)
A f.d
Vo =——" Eq. 7.3 — ACI 318 (11-15)
S

The numerical values of the specimen’s base slagmacity according to ACI 318,33 pase,
and the difference from the measured retrofit sluegracity are reported in Table 7.2.
Once again, the difference can be attributed toNB#8-CFRP retrofitting. The ACI
values, and all other ACI calculated values in tper, were multiplied by a 1.05 bias
[Turan,et al 2008]. This is to adjust the ACI values to hefieexperimental data based

on the analysis method.

Table 7.2 — ACI 318 base shear capacity vs. exetiah shear capacity

SpeCimen \;pr V31E-ba3( Vexp - V31E-ba3(
[kN] | [kips] | [kN] | [Kips] | [kN] | [kips]

T.6.18.6.S* | 1011 227.4| 577.6 129.9| 461.4 97.5

T.6.18.12.S* 1043] 234.5| 600.5 135.0] 471.3] 99.5

IT.7.18.6.S | 1209 271.8| 636.0 143.0| 603.2 128.8

IT.7.18.12.S| 1022 229.7| 634.7 142.7| 417.3 87.0

IT.7.22.6.S| 1165 262.0| 567.2 127.5| 625.2 134.5

IT.5.22.12.S| 1011 227.3| 586.0 131.7| 453.0 95.6

IT.7.18.6.M | 1168 262.5| 607.8 136.6| 588.7 125.9

IT.7.22.6.FT| 1125 252.9| 586.2 131.8| 566.6 121.1

*Minimum values due to flexural failure

The graph below visually demonstrates that the Bhsar capacities calculated with R2K
are consistently higher than the base capacitieslated according to ACI. Due to this, if

an ACI approach was followed, then higher strengthtributions of CFRP would be

reported.
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Fig. 7.1 — ACI 318 base shear capacity vs. expariaishear capacity

The individual graphs with uniqgue material propestiare shown in Figure 7.3. These
graphs show where the R2K and ACI base shear valoe®e from and where the
experimental shear capacities correspond with tP Bnd ACI curves. The graph for
specimen 1T.5.22.12.S also shows the differencm fstrain hardening the flexural steel
during the initial loading with 152 mm (6 in.) spak NSM-CFRP. Due to strain
hardening, the curve remained linear until a higierar value, and thus a smaller effective
stress in the NSM-CFRP was determined. Figuresiid®vs all the specimens plotted on
the same graphs, but they have been normalizedresthect to the concrete compressive
strength. R2K curves for each specimen type haea Iplotted using an average concrete
compressive strength of 29 MPa (4200 psi). Thesenalized curves allow the strength

gains for each specimen to be compared along tKecB@/es.
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Fig. 7.2 — Normalized specimens plotted on repitesiee specimen-type curves
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7.2 Determining CFRP Effective Stress

Based on the specimen strength increases over 2Rebase value, an effective CFRP
stress was calculated. This was done using Equdtioand the same method as described
in Section 4.1 A curve was created for each test specimen URRIg to establish the
relationship between the amount of transverse ominfg and the average ultimate shear
stress in the web. Then a transverse reinforcieggure associated with the NSM-CFRP

was taken from the x-axis based on the experimshisdr capacity. This is demonstrated

in Figure 7.4.
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Fig. 7.4 — Example CFRP contribution based on R2K

An effective CFRP stress can also be calculateddas the strength increase compared to
the ACI base capacities. This was done similarithe above R2K method except the ACI
318 base control value and ACI curve were usedseparate curve was created for each
specimen using specific material properties. Amalestrated below in Figure 7.5 a

transverse reinforcing pressure was taken for spebimen.
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Fig. 7.5 - Example CFRP contribution based on ACI

Using Equations 4.1 and 4.2 the stress in the C&Rp5,f;, is calculated. The numerical
values from R2K fiero, and ACI, fe.ac, are listed in Table 7.3. The NSM-CFRP stress
values of specimens T.6.18.6.S, T.6.18.12.S, an6ld2.12.S are much larger than the
other stresses from R2K. These specimens eithled fan flexure, or nearly failed in
flexure. The corresponding points on the R2K cufwe these specimens are in the
flexurally dominated region near the top. Thistpdrthe curve is nearly flat and assigns
large increases in transverse stress for smalkgaishear strength because the specimens
will fail in flexure near that load. For the othepecimens that are not flexurally
dominated, ACI determines a larger stress. Thixe@ause the strength gains occur in the
steeper region of the R2K curves, thus R2K doeatidbute as much NSM-CFRP stress

as ACI to achieve the observed strength gains.
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Table 7.3 — Effective CFRP stress based on expatahshear values

Specimen frerok fre-aci
[Mpa] | [ksi] | [MPa] | [ksi]

T.6.18.6.S 1373.2199.2| 881.4 | 127.8

T.6.18.12.S| 3140.8455.6| 1798.0| 260.8

IT.7.18.6.S 681.9 98.9 1120[262.5

IT.7.18.12.S| 569.4 82.6 1513&19.5

IT.7.22.6.S| 7025 101.91169.7| 169.7

IT.5.22.12.S| 1731.83121.2]| 1662.2| 241.1

IT.7.18.6.M | 634.7| 92.1] 1094/5158.8

IT.7.22.6.FT| 5404 | 78.4| 1053.2152.8

7.3 Comparison of Approaches to Determining Sheartf&ngth

7.3.1 Comparison of Developed Prediction MethoHExperimental Capacity:

As discussed irbection 4.1 Design Methpdn estimated CFRP stress based on previous
experiments from the literature review and R2K wesed to predict the shear capacity of
the specimens before construction. After the spens were tested these predictions were
adjusted to account for the actual concrete arel staterial properties. The numerical
shear capacity values,i¥edices @long with percent difference fromg) are shown in
Table 7.4. The method of prediction consistentigarestimated the capacity contribution
due to the NSM-CFRP strips. The prediction fobl22.12.S did not take into account the

effects of strain hardening, which would have miweprediction closer.
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Table 7.4 — Predicted capacity based on literayperiments vs. experimental capacity

SpeCimen Yt—predicted Vexp' VIit—predicted VeXp
[kN] | [kips] | [kN] | [Kips] | Viit-predicted
T.6.18.6.S 873.6196.4 | 137.9] 31.0 1.16
T.6.18.12.S 838.4188.5 | 204.6] 46.0 1.24
IT.7.18.6.S | 1121.8252.2 | 87.2 19.6 1.08
IT.7.18.12.S| 975.0219.2 | 46.7 10.5 1.05
IT.7.22.6.S| 1030.2231.6 | 135.2| 30.4 1.13
IT.5.22.12.S| 840.7189.0 | 170.4] 38.3 1.20
IT.7.18.6.M | 1074.§ 241.6] 93.0 20.9 1.09
IT.7.22.6.FT| 1072.4| 241.1 | 52.5 11.8 1.05

7.3.2 Comparison of ACI 440 Predicted Capacitytpdfimental Capacity

ACI 440 describes a method to predict the retrofit capaaiityg specimen by determining

the shear strength contribution of the CFRP. Tle¢hod is primarily based on the EBR

technique, but was adapted here to fit NSM repaifhe retrofit shear strength

superimposes the contribution from Equation 7.%lite concrete and steel contribution

from ACI 318.

Vi

V440 =V.

318-Base

+V;

_ A, f(sina+cosx

Sy

Eq. 7.4

Eq. 7.5 — ACI 440 (11-3)

In this equation, Vis the shear contribution of the CFRR,, is the area of CFRPf . is

the effective stress of the CFRPis the orientation of the CFRME,, is the effective depth

of CFRP reinforcement, ang, is the spacing of the CFRP.
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For the specimens in this researdy, = 65 mnf (0.1 irf), a = 90, d, = 1067 mm (42.0

in.) for IT-specimens and 932 mm (37.6 in.) forgesimens, ;= 152 or 305 mm (6 or 12

in.). The effective stredg is calculated using the following equations.

Eq. 7.6 — ACI 440 (11-5)

€ = K £, S 0.004 Eq. 7.7 — ACI 440 (11-6b)

In this equation,E, is the CFRP tensile modulus of elasticity. Fas tlesearch it was

taken as 138 GPa (20,082 ksi) based on material desie by [Howell, 2009]¢ , is the
effective strain of the CFRP. The equation definine effective strain, Eq. 7.7, is based
on an EBR face ply configuration which is not NSl it is the closest optiorgy, is the
ultimate strain of the CFRPEg, was calculated by dividing the average tensilesstfrom

material tests by the modulus of elasticity fortemia value of 0.017. The following

equations are used to calcul&te

K, = :1622 L in US units Eq. 7.8 — ACI 440 (11-7)
8fu
L., ki, andk, are defined as follows:
. =% in US units Eq. 7.9 - ACI (11-8)
ng eq )~

, 2/3
k = (ﬁ)} in US units Eq. 7.10 — ACI (11-9)
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Eqg. 7.11 — ACI (11-10)

For the above equationk, is the active bond length, is the number of plies of CFRP
reinforcement, and; is the nominal thickness of the CFRP. The NSMtégue bonds

CFRP strips on three sides in a groove, but thiseon is designed for EBR reinforcing
that is bonded on only one face. This was appratéchby makingh = 2 andt; = half the

strip width, to account for the two largest sidéthe CFRP bonded surfaces.

Table 7.5 Predicted capacity based on ACI 440 vs. experinheafzacity

Specimen Vo Vexp— Vaso | Vexp
[kN] | [Kips] | [kN] | [Kips] | Vi40

T.6.18.6.S 685.4 154.1| 326.1] 73.3 | 1.48

T.6.18.12.S| 659.2148.2| 383.9 86.3 | 1.58

IT.7.18.6.S | 773.3173.9] 435.4 97.9 | 1.56

IT.7.18.12.S| 703.0 158.0| 318.7 71.7 | 1.45

IT.7.22.6.S| 692.8 155.8| 472.5 106.2| 1.68

IT.5.22.12.S| 653.1 146.8| 357.9 80.5| 1.55

IT.7.18.6.M | 732.3 164.6| 435.3 97.9 | 1.59

IT.7.22.6.FT| 720.6| 162.0| 404.3 90.9 | 1.56

7.3.3 Comparison of Nanrgt al [2004] Capacity to Experimental Capacity

Nanni, et. al. [2004] presents a method of calculating the skeaacity of NSM-CFRP
retrofit concrete similar to the ACI 440 method.hi§ method is also suggested on the
Hughes Brothers website for design of NSM retrstfitictures. The approach is still based
on the superposition of the concrete, steel, anBRCEhear contributions. The difference
is in the CFRP contribution, sy proposed by Nannet al. [2004] shown in the equations

below.

V

Nanni

=V, +V,+V, Equation 7.12
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V,, =4(a+ b)r, L, Equation 7.13
The equation is for rectangular bars. The crostiag®l dimensions are a and b. The
average bond stress, is suggested to be taken as 6.9 MPa (1.0 ks§doaa previous

research. Lshown below represents the length of each NSMphat a shear crack and

Lot IS the summation of those attributing lengths.

s .
—.IS|0004 fori=1...n/2
+ ' .
L = cosa+ sina Equation 7.14
| —— S g«
" cosa+ sir ™ fori=n/2+1.n

The limitationlg g4 is based on the integrity of the concrete. Inghesent calculations,
this length was determined as 71 mm (2.8 in.) arolled for every NSM strip. The

value n below must be rounded down to the neanesgér to represent a number of strips.

|t =1 b-sizTCa Equation 7.15
n= —leﬁ (1+Scota') Equation 7.16
l =1, Sina—-2Z Equation 7.17

0004 = O-OOZaa—be—: Equation 7.18
Lo =D L, Equation 7.19

Following the prescribed approach, conservativeasi&rengths were determined for all
the specimens. This is expected for a design apprbecause conservatism is desirable.

Table 7.6 below reports the numerical values coaghdo the experimental values. It
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should be mentioned that there are other desigmoappes discussed in the literature
review. Only the Nanniet al. [2004] approach was examined in this paper bectuse

the method suggested by Hughes Brothers.

Table 7.6 - Predicted capacity based on Naetral. [2004] vs. experimental capacity

SpeCimen wanni Vexp_ VNanni Vexp
[kN] | [kips] | [kN] | [Kips] | VNanni

T.6.18.6.S 791.0177.8| 220.0 49.6| 1.28

T.6.18.12.S| 707.2159.0| 335.§ 75.5| 1.47

IT.7.18.6.S | 849.4 191.0| 359.4 80.8| 1.42

IT.7.18.12.S| 741.3166.7| 280.7 63.0] 1.38

IT.7.22.6.S| 780.51755| 384.5 86.5| 1.49

IT.5.22.12.S| 692.7155.7| 318.3 71.6] 1.46

IT.7.18.6.M | 821.2 184.6| 346.8 77.9| 1.42

IT.7.22.6.FT| 799.6| 179.8| 325.4 73.1| 141

A visual representation of the experimentally meedushear capacities and the various
estimated shear capacities can be seen in FigbreAll of the approaches used provided

conservative estimates of the actual shear capacity
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Fig. 7.5 — Comparison of g, to various estimated shear capacities

7.4 Comparison of Pre-Strengthened vs. Post-Strerfgtned Stiffness

The effects of NSM-CFRP on stiffness were also stigated. Environmental exposure
could have a softening effect on the specimennst#. The global member stiffness is
indicated by the midspan displacements. More |degplacements of three shear panels
on the specimen can be measured by the diagonsdrsenThe diagonal sensors measure
diagonal displacements which can be converted antyage vertical strains for a shear
panel. This is done using Mohr’s circle by a metlexplained in Dawson, [2008]. The
angle of shear cracking effects the measured daghsplacements, so accounting for this
and converting to vertical strains allows for comgan regardless of a different crack

angle. Figures 7.6, 7.7, and 7.8 show the midgtiaplacements and average panel
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vertical strains for each specimen. Stiffnessotffare examined by comparing the slope
of the baseline test before retrofitting with thape of the retrofit line up to the same shear
value. For specimens needing adjustments to tfad,first loading attempt curve was
compared because the specimen already has crdokitiye failure load step. The slopes
of the midspan displacements show no significaangls. This is reasonable because a
large portion of the midspan displacements comen ffl@xural strains. Inspecting the
panel vertical strain graphs show little or no figant changes. The only apparent

stiffness increases are in the shear panels ofrsprdT.7.22.6.S.
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The shear panel and sensor locations are shove iagpendix. Panel one is closest to the
support, panel two is in the middle of the sheans@nd panel three is closest to midspan.
For this comparison, the results of panel 1 areshown because there were very few
diagonal cracks near the support which resultedsignificant data for that panel location.
It can be noted in Figure 7.7 and 7.8 that theayewertical strains for the shear panels do
not originate at zero loading. The main reasontlfigs behavior is because after initial
cracking each specimen had a certain load needeeofen the diagonal cracks due to
internal equilibrium. This load is referred to asdecompression load and remains
relatively constant through each load step. Amexa shear force versus vertical strain
curve in Figure 7.9 demonstrates the decompredsgmh remaining equal for each load
step. The decompression loads for baseline taatged from 18 to 605 kN (4 to 136 k),

and for retrofit failure tests ranged from 18 t® K\ (4 to 166 k).
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Fig. 7.9 — Example decompression load
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7.5 Comparison of Environmental Exposure Specimerts Controls

7.5.1 Shear Strength Gains

Comparing the environmentally exposed specimerthdi respective control specimens
shows small and insignificant reduction in shegaciéty. Both the moisture and freeze-
thaw exposed specimens showed a decrease in sipeaity of 3.4%. This is likely in the

range of material and construction variability. idt also worth mentioning that the
specimen IT.7.22.6.FT-FTG from Johnson, [2011 wgmsed to freeze-thaw effects and
fatigue loading and failed at a higher load thadantrol.

Table 7.7 — Environmental shear capacities comparedntrols

Specimen Ve
[KN] | [kips]

IT.7.18.6.S 1209| 271.8

IT.7.18.6.M | 1168 | 262.5

IT.7.22.6.S| 1165 262.0

IT.7.22.6.FT| 1125 | 252.9

7.5.2 Stiffness Changes

Changes in the stiffness of the environmentallyoseg specimens were examined in order
to identify impact of freeze-thaw effects on penfiance. The global stiffness of the

member was considered at midspan and at the Ibeak panels with the average vertical
strains. Graphs of the specimen responses arensbelw in Figure 7.10. The stiffness

of the retrofit failure curves are compared to ttheiseline curves and to the failure curves
of the control specimens. No significant changesstiffness are noticeable from the

comparisons. This is reasonable because therenpeapparent increases in stiffness due
to the NSM retrofitting and thus any degradation tbé NSM reinforcing due to

environmental exposure would not impact the stéfne
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7.5.3 Thermally Induced Strains

Strains are induced at the NSM bond interface duerhperature changes. This is because
normal-weight concrete has a coefficient of theregdansion (CTE) of approximately 9.9
x 10%°C (5.5 x 10%/°F) [MacGregor and Wight 2005] and the Hughes Bect’ CFRP has

a CTE of 0 to -2.2 x I0°C (0 to -4.0 x 18/°F). The CTEs are not close and have
opposite signs. This implies when the concretghiinking the CFRP will be expanding
and vice versa, causing stress in the bond. Testiyate this, an instrumented concrete
cylinder was placed in the environmental chambeindufreeze-thaw tests. Two strain
gages were placed on the concrete surface, oneogagestrip of CFRP, and one gage on
CFRP that was epoxied into an NSM groove on thendgl. As seen in Figure 5.7, the
surface of the specimens underwent a temperatarggehof approximately 14 °C (25 °F).
This caused strains in the materials each freems-ttycle as shown in the graph of

measured strains below.
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Fig. 7.11 — Thermally induced strains from freelzaw cycles
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The thermally induced strains from the 400 fredwmest cycles did not appear to have any
adverse effect on the shear strength or stiffndsthe specimens. However, certain
locations in Oregon can undergo larger temperdtuctuations from day to night and no

conclusions can be made from this research asuotlhese larger thermal strains would

affect NSM retrofitting in the field.

7.6 Comparing Specimen Orientation

One of the goals of this research was to examieebtthavior of T-shaped specimens
compared to IT-shaped specimens. This represetrtHitting the positive and negative

moment regions of a bridge girder, respectivelyhe Bbvious difference is that all the IT

specimens failed in shear, but the T specimens fzildd in flexure. As a result, the

strength gains cannot be compared directly beddesgains exhibited by the T specimens

are not the total gains in shear strength.

The predicted failure in this research placed tieas strength below the flexural capacity,
but the achieved shear strength gains were highen @nticipated and caused more
demand in the flexural reinforcing. The flexuralldire only occurred in the T specimens
because the baseline strength of the T specimenkiginer up on the R2K curve, which
places them closer to the flexurally dominated oegi Another idea is that the NSM

reinforcing is better anchored in the T specimessabse it can extend below the flexural
reinforcing and lead to higher shear strength gaiffie NSM reinforcing in the IT

specimens is blocked from reaching the bottom bydick.

The results of the T specimen tests demonstratantpertance of the base specimen

location on the MCFT curve. If a bridge girdervieak in flexural reinforcing, an



91

anticipated strength gain may not be achieved haddilure mode may be transferred to

flexure, which would be a useful and predictablparbound response.

7.7 Comparing Effects of Flexural Steel on Transvese Responses

MCFT, which this experimental program used for gtiedl predictions, includes the
influence of the flexural reinforcing on shear cgipa The ACI superposition approach to
shear design does not incorporate flexural reiigranto shear capacity. The actual
effects of flexural reinforcing can be investigateyl comparing specimen IT.7.22.6.S to
IT.5.22.12.S. It is important to remember that cepen 1T.5.22.12.S started as
IT.5.22.6.S, and the responses of this initial teit be referred to as 1T.5.22.6.S. The
responses of these two specimens can be directipax@d because concrete strength and

flexural steel are the only differences.

7.7.1 Diagonal Displacement Comparison

For a similar increase in shear, MCFT would pretligher transverse stress and strain in
the specimen with less flexural reinforcing. Thmgdnal displacements provide a
representation for the average strain in a sheaelpalt is reasonable to compare the
diagonal displacements of the two specimens beddeserack patterns are similar. As
shown in the diagonal displacements in Figure 7sp2cimen IT.5.22.6.S displays larger
strains throughout the loading process, even adrémsverse reinforcing details are the

same.
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Fig. 7.12 — Diagonal displacements of IT.7.22.6sS1V.5.22.6.S
To examine this further, the ratio of displacemeaities from these graphs are reported in
Table 7.8 for corresponding shear loads. Two Raitels were created to represent the
specimens. Additional steel stirrups were addethéomodels to represent the additional
NSM-CFRP. These R2K models were analyzed andrémsyerse strain was integrated
over the cross section at the same shear loadsofbrspecimens. The ratio of the R2K
predicted transverse strains are also shown ineTaBI It is noticeable that the ratio from
R2K is slightly larger than the experimental dafdis is reasonable because the specimen
with less flexural reinforcing should experiencerenfiexural displacements, and some of

these are acquired by the diagonal displacemesbsgn

Table 7.8 — R2K estimated vs. diagonal displaceséata of IT.7.22.6.S/IT.5.22.6.S

Shear Load| Panel 2 Data Panel 3 Data R2K value

[kN] | [Kips] | IT.7.22.6.S/| IT.7.22.6.5/ | IT.7.22.6.5/
IT.5.22.6.S | IT.5.22.6.S | IT.5.22.6.S

556 | 125 0.78 0.77 0.84

667 | 150 0.81 0.74 0.86

778 | 175 0.74 0.74 0.87
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7.7.2 CFRP Strain Comparison

The same phenomenon of higher transverse strairtbeirspecimen with less flexural
reinforcing can also be examined in the CFRP striphis is difficult to do because the
sensors on the strips are point specific and geadiv the proximity and motions of the
crossing diagonal cracks. To make a meaningfulpasison, the CFRP sensors need to be
at the same location in both specimens. By overnpathe specimen crack maps, Figure
7.13 and 7.14, it can be determined that the ser&4y C6, and C7 in IT.7.22.6.S are close
to sensors C4, C8, and C9 in IT.5.22.6.S respalgtivOnce again strains are reported for
corresponding shear loads. Comparing the datzeitvto specimens shows that the CFRP
strains in specimen IT.5.22.6.S are consistentijdr in two of the sensor locations and

approximately the same in the third.

Table 7.9 — Strain comparison between CFRP stiggilar locations

Shear Load CFRP Strain CFRP Strain CFRP Strain
[kN] | [Kips] IT.7.22.6.5| IT.5.22.6.S| IT.7.22.6.S| IT.5.22.6.S| IT.7.22.6.S| IT.5.22.6.S
CFRP (4) | CFRP (4) | CFRP (6) | CFRP (8) | CFRP (7) | CFRP (9)

222 50 401 1447 1245 2201 1678 1628
334 75 874 2334 1938 3437 2798 2619
445 | 100 1457 3381 2957 4459 3764 3525
556 | 125 1928 4458 3835 * 4528 4674
667 | 150 2434 * 4583 * * *

778 | 175 3009 * * * * *

* Out of sensor range

=

F——— = ————
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Fig. 7.13 — Specimen IT.5.22.6.S
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Fig. 7.14 — Specimen IT.7.22.6.S

7.8 Comparison of Pre-Strengthened Steel Stirrup &ins to Post-Strengthened Steel
Stirrup Strains

Application of NSM-CFRP should reduce the streseethe underlying steel stirrups at
similar load levels for the base specimen withoBIMNCFRP. Stresses can be established
from the measured strains, so strain ranges frenstdel stirrups were examined to see if a
drop was noticeable after retrofitting. The sfirstrain range up to 890 kN (200 kip) load
from the baseline data was compared to the sammapsstrain range up to 890 kN (200
kip) load after application of NSM-CFRP. The stetitrup strain gages were placed at
midheight. Consequently, they do not always previeful data because they may or
may not be near a diagonal crack. All the steletugts were examined, but only the
stirrups reading a strain range of over 500 midrairss during the baseline test were
considered. The strain ranges for the stirrupageompared are shown in Figure 7.15.
For all of the internal steel stirrups examinedgytidisplayed a reduction in strain after

NSM retrofitting.
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Fig. 7.15 —Pre-strengthened stirrup strain rangeesofit stirrup strain range

7.9 Modeling NSM-CFRP with R2K

A topic of interest for this research is investiggtanalysis methods to predict the strength
of NSM-CFRP strengthened girders. In this sectiB@K was used to predict shear
strength of the reinforced concrete girders stiesgtd with NSM-CFRP. NSM-CFRP
was modeled for the 14 specimens in the architexidliure. The material properties of the
steel and concrete were set as the reported veduesich specimen. The CFRP material
properties were modeled using the manufacturer'dutus of elasticity and the average
effective CFRP stress based on the literature spa. This stress was found earlier to be
441 MPa (64 ksi). The CFRP strip was added asglesieg stirrup that extended the
length of the actual NSM and was the area of twEBtrips because there is a strip on

each face of the specimen. An example cross seistghown in Figure 7.16.
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Fig. 7.16— Example R2K specimen with modeled CFRP s

The resulting R2K shear capacity predictions &, are reported in Table 7.10 and are

compared to the reported experimental capacifidse R2K models with the NSM-CFRP

over estimated the shear capacity by an averad8.b%o with a coefficient of variation of

12.3%.

Table 7.10 — R2K modeled capacity for literaturpeskments vs. experimental capacity

Strengthened Vexp VRok-R Vrakr Vexp
Specimen [kN] | [kips]| [kN] |[Kips]
BS90-7A | 207| 46.5 201 | 45.1 0.97
2S-7LV 164| 36.9] 192 | 43.2 1.17
4S-7LV 189| 42.5| 216 | 48.5 1.14
2S-3LV 189| 42.6| 164 | 36.9 0.87
2S-5LV 214| 48.20 200 | 44.9 0.93
25-8LV 238| 53.4/ 246 | 55.2 1.03
NB90-73-a | 176/ 39.6 184 | 41.4 1.04
NB90-73-b | 149| 33.5 184 | 41.1 1.23
NB90-45-b | 151| 33.9 185 | 41.6 1.23
NS90-73-a | 173 38.9 166 | 37.4 0.96
B.IT.NC.NS | 740/ 166.0 833 | 187 1.13
25-4LV 202| 45.5 235 | 52.8 1.16
2S-7LV 225| 50.5| 274 | 61.6 1.22
2S-10LV 239| 53. 316 | 71.1 1.33
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To further investigate modeling NSM-CFRP sheamgitie with R2K, the specimens from
this research were modeled in a similar mannerephesentative CFRP strip was added to
the base reinforced concrete specimens as a stiffbip concrete and steel used measured
material properties. The CFRP used a modulusastielty of 138 GPa (20,082 ksi) based
on Howell, [2009]. The CFRP effective stress ved®h as 652 MPa (94.5 ksi), which was
the average of the effective stresses calculateskdtion 7.2for specimens IT.7.18.6.S,
IT.7.18.12.S, and IT.7.22.6.S based on R2K. Tha®s® stresses were chosen because the
specimens did not have a flexurally dominant faland were not subjected to any
environmental exposure. The resulting R2K shegracity predictions, Mg, are
reported in Table 7.11 and are compared to therewmpetal capacities. The R2K cross-
sections with the modeled NSM-CFRP underestimadtedshear capacity by an average of
12% with a coefficient of variation of 5.8%. Onestinod of improving the R2K models
would be to refine the value of the CFRP moduluglakticity and effective stress. The
epoxy around the CFRP strips will also deform wheassed, which leads to the modulus
of the NSM system being smaller than the moduluthefCFRP material. Pull-out tests
could be performed in order to determine a moreestative value of the modulus of

elasticity for the NSM system.



Table 7.11 — R2K modeled capacity for specimengxgerimental capacity

Strengthened Ve VRok-r Voo of V
Specimen | [kN] |[[kips]| [kN] [[kips]| = "&<F "&®
T.6.18.6.S| 1011 227.4 925 |[207.9 0.91
T.6.18.12.S| 1043| 234.5 826 |185.6  0.79
IT.7.18.6.S| 1209 | 271.8 1089 | 244.8  0.90
IT.7.18.12.S| 1022 229.7 911 |2049  0.89
IT.7.22.6.S| 1165| 262| 1040| 233.y3 0.89
IT.5.22.12.S| 1011 | 227.3 809 |181.9  0.80
IT.7.18.6.M | 1168 262.5 1064 | 239.1  0.91
IT.7.22.6.FT| 1125| 252.9 1029 | 231.4  0.91

98
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8. BOND SPECIMENS

8.1 Experimental Program

One of the goals of this research was to make géred observations about NSM-CFRP
performance regardless of what type of CFRP stripdhesive was used for the NSM
repair. To do this, one must test different CFRPs and adhesives. However, the full-
scale specimens are very expensive to constructimsedconsuming to test. Due to this,
the idea of a small “bond specimen” was developedrder to test the bond strength of
several specimens with different bonded lengths REEFtypes, epoxy types, and
environmental exposures. This paper reports theareh and results of different epoxies
and environmental exposures. Different CFRP tygebs bonded lengths are examined in

Johnson, [2011].

8.1.1 Specimen Design

A conventional pull-out test could be used to exanrthe bond specimen variables, but it
is difficult to grip the CFRP for a pull-out tesitlhhout damaging the strip. For that reason
it was desired to have a bond specimen made frarpteces of concrete retrofit together
with NSM CFRP strips. Then the concrete could bshed apart (creating direct tension
in the NSM-CFRP strips) until failure. One objegetiof the bond specimens was to make
the construction easy and reproducible. To inaateathis, it was decided to construct the
bond specimens from standard 305 mm (12 in.) talceete cylinders with a 152 mm (6

in.) diameter. These cylinders are cheap, easyast, and create a convenient sized
specimen to handle. The idea of the specimens wasut grooves in each cylinder

(assuring alignment of the grooves) then cut tHmdgrs in half and install two 152 mm

(6 in.) pieces of NSM-CFRP to attach the halvestiogr, but leave a space between the
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two concrete ends. This space allows for a hydrgatk, load cell, and confinement
plates to be placed between the concrete. An eledngmd specimen can be seen below in
Figure 8.1. A steel bolt is tightened in the gapaleen the concrete to provide stability for

handling until testing.

Fig. 8.1 — Example bond specimen
The bond specimens have two strips of CFRP with leoids epoxied in 152 mm (6 in.)
long grooves. This leaves four possible failureations when the concrete is pushed
apart. To eliminate this, one of the CFRP strgrsefach bond specimen was cut shorter so
one of the retrofit ends would not extend the 12 mm (6 in.). This allowed the failure
location to be known before testing so it coulddeorded. It was decided that 127 mm (5
in.) was a convenient bond length (L) to test. vidgl for the bond strength according to
equation (13-4) from ACI 440.2R-08 gives a bon@sdrof 14.5 MPa (2106 psi) which is
in the suggested range of 3.5 to 21 MPa (500 t® 8. This is shown in the calculation

below.
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_ &b
L, =—2%  f Eq. 8.1 — ACI 440 (13.4)
® 2(,+h)(T,) "

. L S Eq. 8.2
2(a, +,)(Ly,)

r = 063nx007 554 2106psi
2(0.63n+ 0.074 )& )

After some testing, it was found that L was longugh that sometimes the 152 mm (6 in.)
side failed. To prevent this from occurring, a ddength of L/2, 64 mm (2.5 in.) was used
for all the epoxy and environmental tests. Withamy modifications there are four

primary failure mechanisms the bond specimens cexjetrience. These are failure of the
concrete around the NSM groove, failure of the gptax concrete bond, failure of the

epoxy to CFRP bond, or rupture of the CFRP strfim see if the bond specimen idea
worked some initial trial specimens were constrdi@ad tested until failure. These trial
bond specimens all failed by the concrete splitimg triangular shape around the NSM

CFRP strip. An example can be seen below in Fi§ze

Fig. 8.2 — Failure of concrete around the NSM repai
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These trials showed that the bond specimen ide&espibut the failure mode was only
through the concrete. Therefore, the capacity nidpeé only on the strength of the
concrete and not on the type of epoxy. It wasdigtito use confinement plates that were
notched to fit around the NSM groove. With thesafmement plates between the jack
and the concrete it prevented the concrete frowkarg and forced a failure to occur in the
epoxy or CFRP. By doing this, the strength contidn from different epoxy types and
any environmental degradation experienced by tlexyepould be compared. Care was
taken to make sure smooth bearing surfaces weatelddetween the confinement plates
and concrete. The best way this research founld titnis was to use a large concrete saw
blade to make one smooth cut and then duct tapsuttiece during the retrofit process to
keep it clean of epoxy. The addition of confinemglates changed the observed failure
mode. The concrete around the NSM retrofit cotildcsack, but it was held in place by
the plate and it eventually forced a failure in gpoxy or epoxy concrete interface. The

observed failure modes are discussed in the results

8.1.2 Construction

All the concrete cylinders used for the specimenthis research were cast from the same
concrete truck to assure the concrete propertigs e same for each specimen. The
concrete came from the same truck as the full-sgiadker specimen T.6.18.12.S and had a
28 day compressive strength of 28.2 MPa (4095 pHiile first step in construction was to
cut two NSM grooves lengthwise on opposite sideshef cylinders. After the grooves
were cut, the cylinders were cut in half to make %2 mm (6 in.) tall cylinders. These
were retrofit back together with CFRP strips legvin165 mm (6.5 in.) space between the

concrete ends. Similar techniques to the full-scgecimens were used to clean the
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grooves, clean the CFRP, epoxy the grooves, cugeeffoxy, and retrofit the bond

specimens.

8.1.3 Test Setup and Instrumentation

In the bond specimen test setup the cylindricatispens stood vertically on an aluminum
plate. This plate held up displacement sensorstwpushed against a plate glued to the
top of the specimen and measured the overall aispiant the specimen underwent during
loading. An average displacement was taken framo sensors. Between the concrete
ends sat a steel confinement plate, a 178 kN (@0hidraulic jack, a 222 kN (50 kip) load
cell, and a second confinement plate. A hand aepéraydraulic pump provided the

pressure for the jack to apply load. The setupbeaseen below in Figure 8.3.
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Fig. 8.3 — Bond specimen test setup

8.1.4 Experiment Design

The bond specimens were used to look at severables. A total of 82 bond specimens
were tested for the research in this paper. Ttiferent epoxies were tested including:
BASF Concresive 1420 (E1), Hilti Hit-Re 500-SD (E2nd Unitex Pro-Poxy 400 (E3).

These are all readily available adhesives and weggested from the Hughes Brothers’

list for NSM repair. Properties for the epoxies ahown in Table 8.1.
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Table 8.1 — Adhesive manufacturer material Properti

Manufacturer Reported El E2 E3

Property [MPa] [Ksi] [MPa] | [Ksi] [MPa] [ksi]
Tensile Strength 34.5 5.03 Not reported 436 6.31
Compressive Modulus 2900 420 1830 26H 1493 220
Compressive strength 67.6 9.8 72.7 105 827 12.0
Bond Strength 20.7 3.0 19.9 2.89 12.4 1.80
Ensured Full Cure Time 7 days @ 77 DF 3 days 3 days

Environmental exposure was also tested on bondirspas with each of the three
adhesives. It was decided that the CFRP stripsldvowt be as susceptible to
environmental degradation; therefore, Hughes Brsthfslan 500 laminate strips were
used as the reinforcing for all of the specimeBpecimens were tested for degradation due
to moisture exposure by being submerged in watesiftomonths. Other specimens were
exposed to 400 freeze-thaw cycles similar to tHesftale specimen. Some of these
specimens were dry while they were frozen and tkawhile others experienced a
combination of wet and dry exposure. The wet arydcdndition was created by placing
the cylinder specimens in a trough inside the emwvirental chamber. Once a day (every
eight freeze-thaw cycles) the trough was filledwip water on a warm cycle. The water
was allowed to soak the cylinders for 30 minuted #oen pumped out. A similar trough
outside the environmental chamber exposed specitoghg same wet and dry conditions
without the freezing and thawing. A picture of afehese troughs with the specimens is

shown below.
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Fig. 8.4 — Bond specimens undergoing freeze-théecef and wet-dry conditions

For each type of bond specimen at least three regesi were constructed and tested. This
was to account for variance and provide resulth waiterage strength values. Due to the
long duration of the environmental exposure tesisspecimens for these categories were
built and tested to ensure confident average valoakl be determined. Hughes Brothers
CFRP strips and a bond length of L/2 was used lfaha epoxy tests, but the specimen
names still identify these properties to allow specimens to be compared to results from
Johnson, [2011)which reports different CFRP types and bond lengthigiure 8.5 below
demonstrates the naming convention and Figure [®@/s the comparative test diagram

for the bond specimens.
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E2.C1.L/2.W
/TN

Type of adhesive: Type of CFRP: Bond length: Type of test:

E1 = Concresive Cl=Hughes Brothers L/2=2.5inches  S-Strength

E2 = Hilti W-Moisture

E3 = Pro-Poxy FTD-Freeze-Thaw Dry
FTWD-Freeze-Thaw Wet-Dry
WD-Wet-Dry

Fig. 8.5 —Bond specimen identification

E2.C1.L/2.W E2.C1.L/2.FTD||E2.C1.L/2.FTWD
E3.C1.L/2.W E3.C1.L/2.FTD||E3.C1.L/2.FTWD

E1.C1.L/2.S E1.C1.L/2.WD
E2.C1.L/2.S E2.C1.L/2.WD
E3.C1.L/2.S E3.C1.L/2.WD

Allows comparison of the
average capacity from differen

E1.C1.L/2.W El.Cl.L/Z.FTDJ E1.C1.L/2.FTWD

adhesives and possible
degradation from moisture and
freeze-thaw exposure

Fig. 8.6 - Bond specimen comparative matrix foresmile type tests
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8.1.5 Test Protocol

For safety purposes a plexiglass box was builtttarsund the bond specimens when they
were tested. The confinement plates, jack, and bl were placed in the specimen.
Then the jack was pressurized to take the slackobuhe system. At this point, the
displacement sensors were set in place and zeroap®f the specimens. The specimens
were then loaded with increasing applied forcel diatiure. The moisture specimens were
tested while wet before allowing to dry, but thetadey specimens were tested in the dry

condition.

8.2 Experimental Results

The bond specimens exhibited a variety of failuedes. The concrete around the NSM
reinforcement commonly failed in a triangular camape. Sometimes only the concrete
on one side of the NSM groove failed forming hdlaa@one. The confinement plates held
this concrete in place and forced a failure byegithe CFRP pulling out of the epoxy or a
column of epoxy pulling out because the interfaeevieen the epoxy and concrete failed.
Sometimes a combination of epoxy slip and CFRPaslgqurred with one side of the CFRP
strip clean and the other side still attached todpoxy. All of the failures fell into eight
general failure modes. These modes are listed dasdribed below with pictures to
demonstrate them. The numerical results of thed lspecimen tests and their respective

failure modes are reported in Table 8.2.
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Failure Modes:

1)
2)
3)
4)
5)
6)
7

8)

Concrete cone failure and CFRP slip

Half concrete cone failure and CFRP slip

No concrete cone failure and CFRP slip

Concrete cone failure and epoxy concrete interfaited

Half concrete cone failure and epoxy concrete faterfailed

No concrete cone failure and epoxy concrete interfailed

Concrete cone failure and CFRP slip/concrete iatertombined failure

Half concrete cone failure and CFRP slip/concneterface combined failure

Failure Mode (1) Failure Mode (2)
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Failure Mode (3) Failure Mode (4)

Failure Mode (7) Failure Mode (8)

Fig. 8.7 — Example failure modes for bonds specsnen



Table 8.2 — Bond Specimen failure modes, strengtis displacements

Specimen Failurg Load| Disp Specimen Failure| Load| Disp
Mode| [k] | [in.] Mode | [K] | [in.]

E1.C1.L/2.5 (1) 4 | 4.950.042| [E3.C1.L/2.WD (2) 4 3.94 0.024
E1.C1.L/2.5 (2) 4 | 7.270.035| [E3.C1.L/2.WD (3) 3 7.650.048
E1.C1.L/2.5 (3) 1 | 8.580.050| [E3.C1l.L/2.WD (4) 7 6.37 0.042
E1.C1.L/2.5 (4) 1 | 7.850.036| [E3.C1.L/2.WD (5) 7 5.69 0.029
E2.C1.L/2.5 (1) 4 | 9.300.032| [E3.C1.L/2.WD (6) 7 5.48 0.033
E2.C1.L/2.5 (2) 1 | 8.690.044| E1.C1.L/2FTWD (1) 8 6.79| 0.033
E2.C1.L/2.5 (3) 1 | 7.500.032| E1.C1LL/2FTWD (2] 4 7.72| 0.039
E3.C1.L/2.5 (1) 3 | 5.120.029| [E1.C1.L/2.FTWD (3) 4 6.80| 0.031
E3.C1.L/2.5 (2) 5| 4.420.005| [E1.C1.L/2.FTWD (4) 7 8.74| 0.038
E3.C1.L/2.S (3) 3 | 6.610.041| [E1.C1.LI2FTWD (5) 7 8.64| 0.045
E1.C1.L/2FTD(1) 1 |5.04|0.027| E1.C1.L/2.FTWD (6) 4 5.28| 0.019
E1.C1.L/2FTD(2) 3 |8.27|0.053| E2.C1.L/2FTWD (1) 4 7.57| 0.031
E1.C1.L/2FTD(3) 3 |9.99|0.071| E2.C1.L/2FTWD (2) 3 9.64| 0.055
E1.C1L/2FTD(4) 1 |6.83]0.035| E2.C1.L/2.FTWD (3) 4 8.17| 0.059
E1.C1.L/2FTD(5) 1 |10.840.069| [E2.C1.L/2.FTWD (4) 3 |11.02 0.062
E1.C1.L/2FTD(6) 5 |8.02|0.043| E2.C1.L/2FTWD(5) 3 ]10.140.051
E2.C1.L/2FTD(1) 1 |9.10/0.049| E2.C1.L/2FTWD (6) 7 5.51| 0.029
E2.C1.L/2FTD(2) 1 |8.15/0.042| E3.C1.L/2FTWD (1) 4 3.94| 0.022
E2.C1.L/I2FTD(3) 7 | 6.48/0.037| E3.CL.LI2FTWD (2) 2 2.87| 0.035
E2.C1.L/2FTD(4) 1 |9.76/0.051| E3.C1.L/2FTWD (3) 6 3.35| 0.022
E2.C1.L/I2FTD(5) 7 | 7.52|0.037| E3.C1L.L/2FTWD (4) 6 3.90| 0.018
E2.C1.L/2FTD(6) 1 |6.90|0.072| E3.C1.L/I2FTWD (5) 4 2.81| 0.009
E3.C1.L/2FTD (1) 7 | 4.90|0.023| E3.C1.L/2FTWD (6) 5 4.15]| 0.024
E3.C1.L/2FTD(2) 7 |5.24/0.032| E1.C1.L/2.W (1) 5 5.71 0.035
E3.C1.L/2FTD(3) 4 |3.59|0.021| E1.C1.L/I2.W (2) 4 9.04 0.053
E3.C1.L/I2FTD(4) 4 |3.910.021| E1.C1.L/I2.W (3) 4 5.93 0.032
E3.C1.L/2.FTD(5) 8 | 3.83/0.015| E1.C1.L/2.W (4) 4 6.85 0.034
E3.C1.L/2FTD(6) 7 | 4.98/0.027| E1.C1.L/2.W (5) 8 8.41 0.057
E1.C1.L/2.WD (1) 4 | 9.830.054| [E1.C1.L/2.W (6) 4 7.08 0.034
E1.C1.L/2.WD (2) 4 | 7.120.041| [E2.C1.L/2.W (1) 4 6.02 0.026
E1.C1.L/2.WD (3) 7 | 8.720.045| [E2.C1.L/2.W (2) 1 7.60 0.045
E1.C1.L/2.WD (4) 4 | 7.590.040| [E2.C1.L/2.W (3) 1 9.84 0.060
E1.C1.L/2.WD (5) 2 | 7.910.036| [E2.C1.L/2.W (4) 4 7.28 0.040
E1.C1.L/2.WD (6) 4 | 7.880.029| [E2.C1.L/2.W (5) 2 7.51 0.032
E2.C1.L/2.WD (1) 3 | 10.490.068| [E2.C1.L/2.W (6) 1 9.06 0.047
E2.C1.L/I2.WD (2) 3 | 8.410.056| [E3.C1.L/2.W (1) 6 5.43 0.030
E2.C1.L/2.WD (3) 4 | 7.490.035| [E3.C1.LI2.W (2) 3 4.41 0.029
E2.C1.L/2.WD (4) 1 | 8.990.044| [E3.C1.L/2.W (3) 6* | 6.11 0.044
E2.C1.L/2.WD (5) 1 | 11.710.038| [E3.C1l.L/2.W (4) 6 6.27 0.037
E2.C1.L/2.WD (6) 2 | 12.270.068| [E3.C1.L/2.W (5) 4 4.75%0.029
E3.C1.L/2.WD (1) 1 | 5.460.030| [E3.C1.L/2.W (6) 8 4.40 0.025

*The 152 mm (6 in.) length on the bottom concretekfailed instead of the L/2 length.
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8.3 Comparative Analysis

Table 8.3 — Bond Specimen average failure loads edgefficients of variation

Controls El E2 E3

Avg. Load kN 31.8 37.8 23.9
[Kip]| [7.15] [8.50] [5.38]

cov 21.7% | 10.8%| 20.89

WD El E2 E3

Avg. Load kN 36.4 44.0 25.6
[Kip]| [8.17] [9.89] [5.76]

cov 11.8% | 19.2%| 21.19
Difference 14.3% 16.4% 7.1%
\W El E2 E3

Avg.Load kN 31.9 35.1 23.3
[Kipl| [7.17] | [7.89] | [5.23]

Cov 185% | 17.3%| 16.0%
Difference 0.3% -7.2% -2.8%
FTD El E2 E3

Avg. Load kN 36.3 35.5 19.6
[Kip]| [8.17] [7.99] [4.41]

Cov 25.7% | 159%| 16.19
Difference 14.2% -6.0% -18.1%
FTWD El E2 E3

Avg.Load kN 32.6 38.6 15.5
[Kip]| [7.33] | [8.68] | [3.47]

cov 179% | 23.1%| 1799

Difference 2.5% 2.1% -35.4%

8.3.1 Epoxy Comparison

The bond specimen test results have consistenfigieats of variation. The average COV
for all the tests is 18.3%. This is a fairly larGOV. However, one clear observation is
that epoxy type 3 exhibited consistently weakegrgjths than the other two types for the

conditions considered in this test series. Tabler8ports the percent different for epoxy
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type 2 and 3 compared to epoxy type 1. It dematesrthat epoxy type 2 was slightly
stronger than type 1, and epoxy type 3 was weakderuall conditions compared to the

other adhesives.

Table 8.4 — Difference in strength based on epyppg t

Specimero Difference from E[L
group E2 E3
Controls| 18.8% -24.7%
WD 21.0% | -29.5%
w 10.0% | -27.1%
FTD -2.2% -46.0%
FTWD | 18.4% | -52.6%

8.3.2 Bond Stress

The average bond stress,of the NSM system can be determined because FRPGtrip
dimensions and length are known. The active bendth, L, of the shorter length of
NSM reinforcing in the test setup was used bec#luseis the length that fails. It was
assumed that the bond stress increased lineanhg dhe length of the CFRP strip. The
surface area is calculated as the active bondHergt multiplied by the CFRP strip
perimeter, p  The reported failure load is divided by two hesm only half of the load is
carried by each NSM-CFRP strip due to the testpsefithis bond stress is the stress in the
CFRP strip at the failure in the setup, and is metessarily representative of the bond
stress in the full-scale specimens because theneonént plate does not allow failure of
the concrete to occur and the stress conditionkdrcylinder are not representative of an

actual girder.



F = Failure Load

Le=64 mm (2.5in.)

P, =36 mm (1.42in.)

Table 8.5 — Average bond stress for epoxy type

Epoxy Type: El E2 E3

Control MPa 6.95 8.26 5.23
Bond Stress [ksi] [1.01] [1.20] [0.76]
WD MPa 7.95 9.62 5.60
Bond Stress [ksi] [1.15] [1.40] [0.81]
W MPa 6.97 7.67 5.08
Bond Stress [ksi] [1.01] [1.11] [0.74]
FTD MPa 7.94 7.76 4.28
Bond Stress [ksi] [1.15] [1.13] [0.62]
FTWD MPa 7.13 8.44 3.38
Bond Stress [ksi] [1.03] [1.22] [0.49]
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Equation 8.3 — Bond Stress

The calculated CFRP bond stresses range from 34 thlPa (490 to 1400 psi). These

values compare reasonably well to the lower enti@suggested range of 3.5 to 20.7 MPa

(500 to 3000 psi) in ACI 440.2R-08 section 13.3.

8.3.3 Environmental Degradation

No environmental degradation was evident for ELispens. E1 specimens actually

showed 0.3% to 14.3% strength gains when subjectedvironmental effects. These

results demonstrate the variability of the testsalbse strength gains are not expected to

occur due to environmental exposure. The additiomang of the concrete possible for

these cylinders in the environmental exposure mala@ the observed increase in



115

strength. Similarly, E2 showed no degradation.spcimens varied from a 7.2% strength
loss to a 16.4% strength gain.

E3 did exhibit strength loss due to freeze-thawosype. Compared to the controls, the
wet and wet-dry E3 specimens gained strength. Mewedhe E3 FTD specimens lost
18.1% strength and the FTWD specimens lost 35.4#ngth compared to the control.
This was the largest strength change in all ofgbecimen groups. Based on the mean
strength values and the average COV, the mean vYaiue3 FTWD specimens is 1.94
standard deviations away from the control specimemidgure 8.8 provides a visual

comparison of the measured failure loads for eachpyof bond specimens.
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Fig. 8.8 — Comparison of average strengths of spetimens
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Fig. 8.9 — Load vs. displacement for control and-eirg bond specimens
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Fig. 8.10 — Load vs. displacement for moisture faeeze-thaw dry bond specimens
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9. RECOMMENDATIONS

9.1 NSM-CFRP Shear Strengthening

Based on the results of the full-scale test speaténé is desirable to develop a design
method for application of NSM-CFRP as transversafoecing. The traditional approach
allows a designer to select a CFRP strip spacinglas to stirrup spacing, to achieve the
desired shear strength. To implement this appraackffective CFRP stress for design
was determined. The effective CFRP strdéigsfor specimens from the literature review
were found insection 4.1 andf;, values for the specimens in this research weradon
section 7.2 The effective stress can be calculated based2¥h or ACI predicted shear
strength-transverse reinforcing interaction curvest it was decided to use the R2K
effective stress values because R2K predictions baen shown to have a better fit with

experiments [Higginsgt al. 2004].

All the specimens from this research and from ttezdture review were considered, but
only the specimens that used CFRP strips instedohd, internal steel stirrups, and a
flexural reinforcing ratio less than 3% were coes@tl. The T-specimens from this
research were not used because they fialed inrBexTable 9.1 reports the specimens
used and the corresponding effective CFRP stresghs. average effective CFRP stress
from the experiments was 668 MPa (97 ksi). Forpfioity, 670 MPa (95 ksi) was

selected as the recommend valué.db use for NSM-CFRP design.
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Table 9.1 — Effective CFRP stress used for design

ffe
[MPa]| [ksi]

Specimen

IT.7.18.6.S 682 99

IT.7.18.12.S 635 92

IT. 7.22.6.S 569 83

IT.5.22.12.S 834 121

IT.7.18.6.M 703| 102

IT.7.22.6.FT 541 78

IT.7.22.6.FT-FTG 1434| 208

IT.7.22.6.FTG | 1041 151

Dias 07 2S-7LV | 378 55

Dias 07 4S-7LV | 333 48

Dias 08 2S-3LV | 804 117

Dias 08 2S-5LV | 719 104

Dias 08 2S-8LV | 595 86

Dias 10 2S-4LV | 558 81

Dias 10 2S-7LV | 500 73

Dias 10 2S-10LV| 417 61

Rounded Average 670 | 95

There are three possible design methods to choose R2K, AASHTO-MCFT, and ACI.

It was determined that each design method shoyity apstrength reduction factap, to
the overall shear capacity and an NSM strengthatémtufactor, ¥, to the CFRP effective
stress. The goal of using these two reductiorofaatas to achieve a 1/10,000 probability
of failure, or 1/10,000 chance that the actual memdhear capacity will be below the
design shear capacity. AASHTO and ACI already hévéactors of 0.9 and 0.75
respectively. It was determined that R2K shouldehthe sameb factor as AASHTO
because this factor represents accuracy in thegmesiethod, and R2K (similar to

AASHTO) is more accurate than ACI. To calibrate tlesign approach, a graph of each of
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the listed specimens was created with curves getkrsing R2K, AASHTO, and ACI.
Bias for the design curves were not used in ordeadhieve the desired reliability for

design without needing to correct for analysis Ioasvidually.

Transverse Reinforcing Pressure A\ *fy/b*s + A, *fre/b*ste [MPa]
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Fig. 9.1 — Example shear strength curves and ietaacity with averagk,

The shear strength for each specimen can be detirbly using these curves. The shear
values for each design approach were multipliedth®y appropriate strength reduction
factor to provide design shear strength curvesenTa stress reduction factd¥, was
multiplied by the CFRP effective stress and thendvarse reinforcing pressure was
calculated. @ The value where this transverse reinfg pressure intersects the
corresponding design shear curve is the designr fteength. An example of this is

shown in Figure 9.2
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The design shear strength was determined for efttte specimens in Table 9.1 and then
compared to the experimental shear strength. id veas defined for each specimen of
Vexd®Vaesign  When this ratio is less than one it represeailsire. Therefore, statistics
were performed to determine how many standard temithe average ratio was removed
from unity. This valuep, needs to be just above 3.5 to represent a 1/A@@bability of
failure. The values for the specimens and théssita are shown in Table 9.2. Calibrating
thed and¥ values for each design method was an iterativegs As mentioned before,
the ¢ factors were kept as the recommended values fon esethod. Thus, & was
chosen to establish the tardetvalue for the group of specimens. Titevalue was
adjusted untilp was above 3.5 for each method. From the iteratithresfactors in Table

9.3 are suggested.

Transverse Reinforcing Pressure A *fy/b*s + A *fre*Wib*s s [MPa]
0.0 0.3 0.7 1.0 1.4 1.7 2.1 2.4
300 2.1

200 1.4

100 IT.7.18.6.S 0.7

—— R2K ($=0.9)
——— AASHTO ($=0.9)
—— ACI ($=0.75)

- - - -+ R2K (¥=0.35)

- - = & AASHTO (¥=0.75)
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Fig. 9.2 — Example design shear curves and retrafisverse reinforcing pressure
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Specimen Vew |dVrok| Ved |[PVaashro| Ve dVaci Vexd
(K] [K] dVrak [K] dVaastto | [K] dVaci
IT.7.18.6.S 271.8 203.0 1.34 198.4 1.37 158.2 1.77
IT.7.18.12.S 229.7 184.0 1.25 174.1 1.32 12(7.5 1.80
IT. 7.22.6.S 262.0 181.0 1.45 185.0 1.42 14p.2 1.84
IT.5.22.12.S 227.0 164.0 1.38 154.8 1.47 119.7 1.90
IT.7.18.6.M 262.5| 194.0 1.35 192.6 1.36 148.7 1.7y
IT.7.22.6.FT 252.9 187.0 1.35 188.7 1.34 145.2 1.74
IT.7.22.6.FT-FTG 303.8| 184.1 1.65 197.7 1.54 1521 2.0G
IT.7.22.6.FTG | 281.1 181.1 1.55 192.8 1.46 1473 119
Dias 07 2S-7LV| 36.9 26.5 1.39 31.2 1.18 23.2 1.59
Dias 07 4S-7LV| 425 31.0 1.37 36.1 1.18 27.3 1.56
Dias 08 2S-3LV| 42.6 27.5 1.55 29.9 1.42 20.0 2.18
Dias 08 2S-5LV| 48.2 28.9 1.67 33.1 1.46 22.6 2.18
Dias 08 2S-8LV| 534 31.1 1.71 36.8 1.45 26.5 2.0L
Dias 10 2S-4LV| 455 304 1.50 34.2 1.33 23.5 1.94
Dias 10 2S-7LV| 50.5| 32.3 1.56 37.6 1.34 26.9 1.88
Dias 10 2S-10LV 53.6 34.5 1.55 41.3 1.30 30.9 1.74
Mean 1.48 1.37 1.86
Stdev 0.14 0.10 0.17
Mean — 1.0 0.48 0.37 0.86
Beta 3.51 3.75 5.15

Table 9.3 — Suggested reduction factors for NSM-EERear design

Method (0] ¥
R2K 0.9 0.35
AASHTO 0.9 0.75
ACI 0.75 | 0.95

It is shown in Table 9.3 that R2K and AASHTO hassger NSM-CFRP effective stress
reduction factors than ACI. This is because R2ld AMSHTO provide more accurate
predictions of shear strength and have smallengtinereduction factors. Thus, to achieve

the same reliability, th& factor must be smaller.
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To design the NSM-CFRP shear reinforcing for afeeed concrete girder with a known

cross-section and material properties, the prooassists of the following steps:

» Select design approach: R2K, AASHTO, or ACI
» Use appropriate and create design shear curve for section

* Choose a NSM-CFRP spacing

* Use appropriat®f; and calculate transverse reinforcing pressure

» Determine the design shear capacity by selectiagctiiresponding value
from the design shear curve

» Check that design shear capacity is above thenestjghear demand

9.2 Example Shear Design

This section presents an example NSM-CFRP sheayrdfs an existing bridge girder in
an actual 1950’s vintage RCDG bridge that follolwe tecommended design approach.
The sample bridge girder is representative of thengfield Bridge over the Willamette
River and has the dimensions and properties listdable 9.4. It has hypothetically been
determined that the girder needs to be strengthiengttear to handle a factored demand of
756 kN (170 kips) at a location 3.0 m (10 ft.) avimym the support where the steel stirrup
spacing is 381 mm (15 in.), and the moment demaupositive. This section is checked as
an example, but an actual design would considetipleisections including the location d

away from the support where the shear demandgsraand the stirrup spacing is smaller.



Table 9.4 — Example girder properties

#4@ 150in

13 layers of

Property Metric us
Dt 221 cm 87 1in
M/V. 6.0 6.0
by, 33 cm 13in
h 122 cm 48 in
cc 51 mm 2in
d 107 cm 42 in
F 276 MPa| 40 ksi
Fyv 276 MPa 40 ksi
As 90.6 cm | 14.04 i
A, 26cm | 0.4irf
S, 229 15
fre 670 MPa 95 ksi
87.0 . 1
_.._ - -
s
=
o
o0
=5
b O o
b o o
i bl 7
13.0 | in

13- #11

Fig. 9.3 — Cross-section of example girder 3.0 éhff) away from support
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Transverse Reinforcing Pressure A \*fy/b*s + A, *fre*/b*s e [MPa]
1.7 2.1 2.4

0.0 0.3 0.7 1.0 1.4
300 2.1
R2K
AASHTO
ACI
200 - 1.4
V\ =170 kips

100 0.7

Design Shear Strength @V, [K]
Design Shear Strength @V, [KN]

Base
| Reinforcing
0 0.0
0 50 100 150 200 250 300 350

Transverse Reinforcing Pressure A *fy/b*s + A, *fre*/b*s e [pSi]

Fig. 9.4 — Design curves with base reinforcing ahéar demand

The first step was to create design shear strecgtites for the girder using the
recommended shear strength reduction factors. &Suior all three design methods are
demonstrated in Figure 9.4. Biases were not apppliehese curves. The base transverse
reinforcing pressure is determined from the intesimrup spacing using the following

equation:

Av* fy _0.4irf *40,000psi
b* s 13in*15in

Base=

=82 ps Equation 9.1

It is clear that the design strength with the aurfgase reinforcing falls below the shear

demand. The next step is to calculate a CFRP rmpdbiat will provide a design shear
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capacity above the demand. This was done by addi@§RP contribution to the base
reinforcing transverse pressure using Equationa@® the recommended effective NSM-

CFRP stress reduction factors.

* f *

CFRP:M Equation 9.2
b* s,

Retro= Base CFR Equation 9.3

The design was completed by selecting the CFRRrgpand finding the corresponding
design strength on the curve. The widest possibéeing that would achieve at least the
factored shear demand was chosen. Table 9.5 gshewslues in the calculations, and for
comparison it lists the expected shear capacitiesrge expected shear capacity) for each
method and NSM-CFRP spacing with no reduction facapplied. Figure 9.5 shows the
shear curves with CFRP retrofitting values. AASHBGggested a NSM-CFRP strip
spacing of 178 mm (7.0 in.) is sufficient. R2K hed suggested a more conservative
spacing of 127 mm (5.0 in.). The ACI design metheguires a spacing of 76 mm (3.0
in.); this spacing is in the realm of unrealisticlds due to the overly conservative nature
of the ACI approach. This is particularly due ke tcalibration process used here that
retained the strength reduction factored estaldisbeshear in ACI 318 (0.75) produced a
much higher reliabiltiy (over 5) than the R2k or S8ATO-MCFT methods. It is
recommended in this design to use the more cortser\gpacing suggested by AASHTO

or R2K and therefore impliment a 127 mm (5.0 inGNNCFRP spacing.
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Table 9.5 — Caculated CFRP spacings and sheamdespgcities for example girder

Vethod Fiitvrfff:*;r/zjz;re CFRP spacing| ¢V, Vorpeed
[MPa] | fpsil | (mml | @] | (KNI |ikips] | [KN] | [Kips]
R2K 0.92 134 127 5.0 770 170 1050 236
AASHTO 1.10 160 178 7.0 774 174 921 2Q7
ACI 2.16 313 76 3.0 783 176 1072 241

Transverse Reinforcing Pressure A *fy/b*s + A *fre*/b*s e [MPa]
1.7 2.1 2.4
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Fig. 9.5 — Example shear design curves with rdtiansverse pressures

9.3 Discussion
It would be expected that all three design methsiusuld give similar results due to the
calibrated reduction factors. One reason for ffferénce between R2K and AASHTO is

that the factors were calibrated to a small poputadf specimens with specific M/V ratios



129

and amounts of flexural reinforcing. If more datare available, more precise design

measures could be achieved over a wider rangepuf parameters.

Furthermore, the ACI method gave a NSM-CFRP spawihigh was more conservative
than the other two methods. This is partially lisesad factor of 0.75 was maintained for
ACI in the reliability calibration and provided dgher reliability than the other two
methods. If¢ were changed to produce similar reliability leveish the other methods,
then a wider NSM-CFRP spacing would be expecteablel9.6 shows the ACI calibration
values for a strength reduction factprof 0.95. This provides a reliability similar that

of the R2K and AASHTO-MCFT witli= 3.54. Figure 9.6 demonstrates the same design
example with this ACI strength reduction factors éxpected, ACI now produces a NSM-

CFRP spacing of 127 mm (5.0 in.) which is the sam&2K.



Table 9.6 — ACI design shear values wjtiof 0.95.

Specimen Ve | dVaci | Vex/
[K] [K] dVaci
IT.7.18.6.S 271.8 194.1 1.40
IT.7.18.12.S 229.7 161.% 1.42
IT. 7.22.6.S 262.0 180.1 1.45
IT.5.22.12.S 227.0 151.6 1.50
IT.7.18.6.M 262.5| 188.4 1.39
IT.7.22.6.FT 252.9] 184.(¢ 1.37
IT.7.22.6.FT-FTG 303.8| 192.7 1.58
IT.7.22.6.FTG 281.1 186.6 1.51
Dias 07 25-7LV| 36.9 29.5 1.25
Dias 07 4S-7LV| 425 34.6 1.23
Dias 08 2S-3LV| 42.6 25.3 1.68
Dias 08 2S-5LV| 48.2 28.6 1.68
Dias 08 2S-8LV| 53.4 33.6 1.59
Dias 10 2S-4LV| 45.5 29.8 1.53
Dias 10 2S-7LV| 50.5 34.1 1.48
Dias 10 25-10LV 53.6 39.1 1.37
Mean 1.47
Stdev 0.13
Mean - 1.0 0.47
Beta 3.54
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Transverse Reinforcing Pressure A \*fy/b*s + A, *fre*/b*s e [MPa]
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Transverse Reinforcing Pressure A *fy/b*s + A, *fre*/b*s e [pSi]

Fig. 9.6 — Example ACI shear design curves witfediént strength reduction factors

To complete a shear design, the flexural capatsty imeeds to be checked. Calculating the
moment capacity determins a value of 2160 kN-m 516@t). Given the shear-moment
ratio at the section considered, the corresporsliegr at flexural capacity is 1188 kN (267
kips). To induce a flexural failure for the exaengirder and M/V ratio the transverse
pressures and CFRP strip spacings for each deségmoch would take a spacing tighter
than 51 mm (2 in.). Spacings smaller than thisnateealistic, and it can be seen in Figure
9.5 that the flexural capacity of 1188 kN (267 kifals above the design curves making a
flexural failure for this design example unachideab Table 9.7 reports the transverse

pressures corresponding to a 51 mm (2 in.) NSM-C§jieing for each design method.
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Table 9.7 — Expected NSM-CFRP spacing to induceufld failure

Retrofit Pressure for 51 mm (2 in.) spacing
Method (At P/b*s)
[MPa] [psi]
R2K 1.45 210
AASHTO 2.45 356
ACI 2.96 429

It should be noted that the shear demand decreasey from the support; and

consequently, a larger CFRP spacing could be ugttef along the shear span.

Another point is that specimens with lighter flexiureinforcing have R2K and AASHTO
curves which flatten in the flexurally dominant i@y A specimen with heavy flexural
reinforcement has a steeper curve, and thus hgerleeductions in shear strength for the
same CFRP effective stress reduction factr (As a result, it is not possible to have the
same level of reliability for specimens with diféet amounts of flexural reinforcing with
the present calibration and limited data. With endata, it would be possible to determine
a sliding scale fo® based on whether the design shear strength falthe flexurally

dominate or shear dominate region of the curve.

9.3.1 Checking Reliability with R2K Model

This section looks at the reliability of the desggample compared to the reliability of
R2K values using statistics from the R2K models parad to experimental values.
Section 7.9ound the predicted shear capacity of the specsmethis research by adding a
supplemental NSM-CFRP stirrup to the cross sectioodeled with R2K. The values for

the specimens used in this design recommendatgoreported in Table 9.8. The average
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bias from the experimental capacities for theseatsogdias 1.14 with a standard deviation

of 0.16.

Table 9.8 — NSM-CFRP modeled in R2K compared teargental values

Strengtheneq Vexp Vrok-R
Specimen | [kN] | [kips] | [kN] |[Kips]
2S-7LV 164| 36.9 180 | 40.5 0.91
4S-7LV 189| 42.5 205 | 46.2 0.92
2S-3LV 189| 42.6| 123 | 27.6 1.54
2S-5LV 214| 48.2| 154 | 34.7 1.39
2S-8LV 238| 53.4/ 193 | 43.3 1.23
2S-4LV 202| 45.5| 194 | 43.6 1.04
2S-7LV 225| 50.5/ 215 | 48.4 1.04
2S-10LV 239| 53.6 239 | 53.7 1.00
T.6.18.6.S | 1011 227.4| 925 | 207.9 1.09

T.6.18.12.5|1043/234.5| 826 | 185.4 1.26
IT.7.18.6.S | 1209 271.8| 1089 | 244.§ 1.11

IT.7.18.12.5|1022| 229.7| 911 | 204.9 1.12

IT. 7.22.6.S|1165| 262 | 1040| 233.13 1.12

IT.5.22.12.5/1011, 227.3] 809 | 181.9 1.25

IT.7.18.6.M | 1168 262.5| 1064 | 239.1 1.10

IT.7.22.6.FT|1125|252.9| 1029| 231.4 1.09

Vexp/ VRZK—R

Average: 1.14

Stdev: 0.16

Lower bound 0.58
(3.50)

A curve representing shear strength versus trassyeessure was plotted using R2K. The
curve was then adjusted with the bias from the [adjmn of experiments to achieve an
expected R2K curve. Then a lower bound curve wadyted (3.5 standard deviations
from the mean) to represent approximately 1/10@@ce of failure. At the transverse
pressure for the base specimen, a bias of 1.058tandard deviation of 0.12 were applied

based on work from Bentz [2000] because the basarapn does not have NSM-CFRP.
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The lower bond curve has a horizontal portion bsealiis restricted to the lower bound of
the base specimen. These curves are shown ineF8glr At the transverse pressures, for
spacings of 76 mm, 127 mm, and 178 mm (3 in.,,5aimd 7 in.), the shear demand of 170
kips is located above the lower R2K bound. Thindestrates that the chance of failure of
a single girder is above 1/10,000 for the exampi#eg and transverse pressures. The
reason for this is because the calibrated relighilas based on CFRP effective stress
instead of shear strength. However, a girderiisgia bridge system which has multiple
girders acting together. If a hypothetical brigdgth four girders is considered, then a
truck load on the bridge would be shared overall yirders and would not fail any
individual girder. Thus the system reliability iNdle better than a single girder and provide

the desired reliability.

Transverse Reinforcing Pressure A *fy/b*s + A, *fre/b*s e [MPa]

0.0 0.3 0.7 1.0 14 17 2.1 24
300 21
Example Girder .
...... R2K Vnn = 267 kips
R2K*bias L~ | | _..i- —
< —— — LowerBound| _~| @ |_.4--°" E
c L’ -° I—Cl
>
< 200 14 i
@ Vy = 170 kips 5
S g S
& A =
g 5
] _— 3
5) — — — =
100 _— —_ 0.7 0
c
(=) —_— c
8 |— S
(n i
@ 3
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Reinforcingl 7in 5in 3in
0 0.0
0 50 100 150 200 250 300 350

Transverse Reinforcing Pressure A *fy/b*s + A, *fte/b*s e [pSi]

Fig. 9.7 — Example R2K curves with lower relialyiliiound
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10. CONCLUSIONS

Eight full-scale specimens and 81 bond specimems tested in this research to
investigate NSM-CFRP for shear strengthening afdasize bridge girders. Based on the
experimental results and analyses of these expetanhe following conclusions are

made:

» Application of NSM-CFRP increased the shear sttendall full-scale specimens
compared to the base capacities predicted from &&Kprevious tests at Oregon
State University.

* The primary failure mode for closely spaced NSM-@rRf®dnsisted of the inner
core of concrete cracking diagonally and the NSifoeced outer shell of
concrete peeling away from the inner core alongdpeand bottom of the diagonal
crack.

* The T-oriented specimens failed in flexure and thily a minimum value of
shear contribution could be determined for the NSKFRP.

* Overall specimen stiffness measured by the apmieebr versus the midspan
displacement was not affected by application of NSFRP as transverse
reinforcing.

» Diagonal displacement sensors showed little tonuoeiase in regional stiffness
due to application of NSM-CFRP as transverse retiig.

* Moisture exposure did not lead to a significantrdase in shear capacity or
stiffness compared to a similar control specimen.

* Freeze-thaw exposure did not produce a signifidactease in shear capacity or

stiffness compared to a similar control specimen.
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Specimen 1T.5.22.6.S initiated a flexural failureridg testing. Half the CFRP
strips were removed by saw-cutting to create speeiii.5.22.12.S which failed
in shear. The cumulative effects of saw-cuttingniéicant prior load history, and
cracking on specimen 1T.5.22.12.S are not fully wnp and thus comparisons
should be made with caution.

Higher NSM-CFRP strains and shear panel deflectimre measured in specimen
IT.5.22.12.S when it had 152 mm (6 in.) CFRP spgaaompared to specimen
IT.7.22.6.S. The ratio of these strains is simitaithe ratio of transverse strain
predicted by Response-2000.

The strains in the steel stirrups were reducedhieyaddition of NSM-CFRP as
transverse reinforcing.

ACI 318 provided a conservative prediction of the@mens unstrengthened base
shear capacities compared to Response-2000.

ACI 440 does not provide a design method specifidar NSM retrofitting, but
adapting the present surface-bonded CFRP appr@aehapnservative predictions
of shear capacity for the specimens considered.

The approach by Nannet al. [2004] for determining NSM-CFRP shear capacity
provided conservative values that were only sliglibser to the experimental
shear capacities than ACI 440.

An approach was developed to predict the shearcitggzsed on Response-2000
analysis of the specimens and those in the architesthture. The predictions
using this method were conservative, but much cltsen the ACI 440 or Nanni,

et al.[2004] shear capacity design estimates.
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Effective CFRP stresses were calculated based @pdRee-2000 curves and
experimental shear capacities. These stressesuabk smaller than the tensile
strength of the CFRP strips.

Modeling the CFRP as a supplemental stirrup in Bese2000 provided
reasonable estimates of the experimental shearcitiggausing an empirical
average NSM-CFRP effective stress based on theimedal results.

A design approach is presented for NSM-CFRP apmicausing three design
methods (R2K, AASHTO-MCFT, and ACI).

Bond tests showed that epoxy type E2 was the stsirand that epoxy E3 was the
weakest under the conditions considered in theptegfram.

Environmental exposure showed no strength degadani the E1 or E2 bond
specimens.

Freeze-thaw exposure caused strength reductidreic® bond specimens. Bond
degradation of this adhesive may occur if used 8BMNCFRP applications for

bridge girders subjected to many cycles of freeaingd thawing.
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10.1 Future Testing

Based on the results of this research, the follgwetcommendations are made for future

testing:

Additional T-oriented specimens should be testedl@termine the actual shear
capacity increase due to NSM-CFRP retrofitting. e3én specimens should have
less internal stirrups, more flexural reinforciagd more compression steel to help
force a shear failure.

Additional IT-oriented specimens with light flexineinforcing bars should be
tested because only one was tested in this reseditwd specimen in this research
had NSM-CFRP cut out to force a failure, thus taadnay not be representative.
More bond specimen testing could improve the lesfeconfidence related to
epoxy type, and allow other epoxies to be testeldcampared.

Tests on specimens subject to carbonization frarg-term service life exposure
would determine if NSM-CFRP is more or less effexin the carbonized concrete
surface layer.

Specimens subjected to salt water exposure coultédied to identify possible

degradation for bridges in coastal environments.
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12.1 Appendix A — Definitions
Carbon Fiber Reinforcing Polymer (CFRP): A lightight composite material made from

carbon fibers and resin and formed into stripssyod sheets.

Near-Surface Mounted (NSM): A strengthening tegbai that consists of cutting
rectangular grooves in the surface of the conaate bonding reinforcing (see bar types

below) in the grooves with an adhesive.

Externally Bonded Reinforcement (EBR): Strengthgnmethod consisting of bonding
reinforcing fabric to the surface of concrete wéth adhesive. A common method is to

wrap sheets of reinforcement in a U-shape arouadtitside of a girder.

CFRP bar: A piece of carbon reinforcingasfy cross-section with uniaxial orientation.

CFRP strip or tape: A rectangular cross-sectionfarcing bar with uniaxial orientation.

CFRP rod: Aroundcross-section reinforcing bar with uniaxial oregmn.

CFRP sheet: Woven reinforcing used as externaireta reinforcing.

12.2 Appendix B — Beam Specimen Crack Maps

The crack maps below show the cracked conditidhekast side of the specimens after
precracking and after failure. The CFRP stripssti@vn on the failure crack maps in red.
The location of the CFRP strain gages is also sholtre dominate failure crack for each
specimen is highlighted in blue. Specimen IT.®22 has an additional crack highlighted
in green. This is the dominate failure crack omwest side of the beam; it is highlighted

to demonstrate the difference that can occur betwes=two sides.
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Fig. 12.15 — Specimen IT.7.18.6.M crack map (failtast)
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Fig. 12.16 — Specimen IT.7.18.6.FT crack map (faikest)
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12.3 Appendix C — Beam Specimen Experimental Data
Appendix C describes the location of the sensagd dsiring beam specimen testing. The
instrumenting process is describediection 4.Data from each instrument was collected

at a rate of 4 Hz and plots of selected data arevisin this appendix.

12.3.1 Flexural Strain Gage Locations

Strain gages were attached to the flexural reimigrbars at midspan. Three gages were
placed on the IT-specimens and four on the T-spmtén The location and labeling of

these sensors are shown below in Figure 12.17.

7 Bar T 5Bar T T Section

" ® o " ® e

FTZ
» L B §
2 o0 2 woee o o o

7 / /\',ﬁ_/,—
F1/ F2 F3/ F‘r/ F2/ F3/ Fa/ Fa/

Fig. 12.17 — Flexural strain gage labeling and tiocae
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12.3.2 Stirrup Strain Gage Locations

Strain gages were attached at mid-height to tteerial steel stirrups in the shear span on
the north end of each specimen. Only the wesbiegch stirrup was instrumented.

These gages were labeled incrementally with “S1rigpéhe closest to midspan.

€

FrFFrrrrzrrz

Fig. 12.18 — Stirrup strain gage labeling and liocat

12.3.3 CFRP Strain Gage Locations

Strain gages were attached to CFRP strips duringfitetng. They were located on
dominate cracks after precracking. The gages labmded incrementally with one being
closest to midspan. The locations of the gageslaen inAppendix Aon the retrofit

crack maps.

12.3.4 Midspan Displacements

A 127 mm (5 in.) string potentiometer was placedoth the east and sest sides of each
specimen to measure midspan displacement. Thiglarees by attaching the sensor’s
string to a small steel rod that was epoxied inbole at midspan near the bottom of each

specimen. The actual midspan displacement waslatéd by taking the average of these
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two midspan displacements and subtracting the geesapport displacements. Removing
the support displacement leaves only the vertisglaicement produced by the specimen’s

bending.

12.3.5 Support Displacements

Four displacement sensors were used to measudisfflacement of the specimen at the
support locations. A small square of aluminum glaed to the beam directly above the
support on the NE, NW, SE, and SW corners. A disgainent sensor pushed on this piece
of aluminum measured the vertical displacementt allagesearchers account for support
displacement, but it is clearly a large enoughdiattt consider. The data in the plots
below shows that support displacements frequentiyass 0.25 mm (0.1 in.), which is a

significant at around 10% of the overall displacehmaeasured.

In some tests a support sensor slipped off of ibespof aluminum or was bumped during
testing. When this occurred the bad data was rethand an estimate was made by
assuming the support displacement was a ratioeobtther sensor on the same end of the

specimen. An example of this is shown below iruFégl2.19 with the SE sensor.
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Fig. 12.19 — Specimen IT.7.18.6.M support displasatsivs. time (failure test)

12.3.6 Diagonal Displacements

Six 51 mm (2 in.) string potentiometers were usethéasure the diagonal displacement
over three regions of each specimen. The sensmesanchored to the beam with a
threaded rod, and a brass wire attached the serstarig to a second anchor point. The
sensors were named for the two anchor points tlegg wonnected to. For example,
sensor “3-5" was located at anchor point 3 and eoted to anchor point 5. The diagonal

sensor locations are shown below in Figure 12.20.
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Fig. 12.20 — Diagonal sensor location and labeling
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12.3.7 Graphs of Data
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Fig. 12.21 — Specimen T.6.18.6.S applied shedtessiral bar strain (baseline test)
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Fig. 12.22 — Specimen T.6.18.12.S applied shedtexsiral bar strain (baseline test)
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Fig. 12.23 — Specimen IT.7.18.6.S applied sheailersural bar strain (baseline test)
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Fig. 12.24 — Specimen IT.7.18.12.S applied shedltaraural bar strain (baseline test)
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Fig. 12.25 — Specimen IT.7.22.6.S applied sheailessural bar strain (baseline test)
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Fig. 12.26 — Specimen IT.5.22.12.S applied shedltaraural bar strain (baseline test)
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Fig. 12.27 — Specimen IT.7.18.6.M applied sheaflesural bar strain (baseline test)
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Fig. 12.28 — Specimen IT.7.22.6.FT applied sheaflesural bar strain (baseline test)
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Fig. 12.29 — Specimen T.6.18.6.S applied shedterxairal bar strain (failure test)
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Fig. 12.30 — Specimen T.6.18.12.S applied shedtexairal bar strain (failure test)
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Fig. 12.31 — Specimen IT.7.18.6.S applied shedilersural bar strain (failure test)
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Fig. 12.32 — Specimen IT.7.18.12.S applied sheadftaraural bar strain (failure test)



164

300 1334
Flexural Bar 2
Flexural Bar 3
250 1112
_. 200 890 -~
S g
S 3
& 150 667 o
2 n
2 k5
o o
Q
<T 100 445 2
50 222

500 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
strain ( YE)

Fig. 12.33 — Specimen IT.7.22.6.S applied sheailersural bar strain (failure test)
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Fig. 12.34 — Specimen IT.5.22.12.S applied shedfteraural bar strain (failure test)
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Fig. 12.35 — Specimen IT.7.18.6.M applied sheaflesural bar strain (failure test)
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Fig. 12.36 — Specimen IT.7.22.6.FT applied sheaflesural bar strain (failure test)
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Fig. 12.37 — Specimen T.6.18.6.S applied sheastisup strain (baseline test)
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Fig. 12.38 — Specimen T.6.18.12.S applied sheastwaup strain (baseline test)
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Fig. 12.39 — Specimen IT.7.18.6.S applied sheastusup strain (baseline test)
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Fig. 12.40 — Specimen IT.7.18.12.S applied sheastirsup strain (baseline test)
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Fig. 12.41 — Specimen IT.7.22.6.S applied sheastusup strain (baseline test)
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Fig. 12.42 — Specimen IT.5.22.12.S applied sheastirsup strain (baseline test)
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Fig. 12.43 — Specimen IT.7.18.6.M applied sheastmsup strain (baseline test)
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Fig. 12.44 — Specimen IT.7.18.6.FT applied sheastusup strain (baseline test)
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Fig. 12.45 — Specimen T.6.18.6.S applied sheastivsup strain (failure test)
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Fig. 12.46 — Specimen T.6.18.12.S applied sheastwaup strain (failure test)
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12.48 — Specimen IT.7.18.12.S applied sheastirsup strain (failure test)
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Fig. 12.49 — Specimen IT.7.22.6.S applied sheastirsup strain (failure test)
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Fig. 12.50 — Specimen IT.5.22.12.S applied sheastirsup strain (failure test)
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Fig. 12.51 — Specimen IT.7.18.6.M applied sheastsup strain (failure test)
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Fig. 12.52 — Specimen IT.7.22.6.FT applied sheastusup strain (failure test)
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Fig. 12.53 — Specimen T.6.18.6.S applied sheaCW&P strain (failure test)
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Fig. 12.54 — Specimen T.6.18.6.S applied sheaCW&P strain (failure test)
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Fig. 12.55 — Specimen T.6.18.12.S applied sheaCWRP strain (failure test)
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Fig. 12.56 — Specimen T.6.18.12.S applied sheaCWRP strain (failure test)
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Fig. 12.57 — Specimen IT.7.18.6.S applied sheaC#&RP strain (tested to 500K)
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Fig. 12.58 — Specimen IT.7.18.6.S applied shea€#RP strain (tested to 500K)
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Fig. 12.60 — Specimen IT.7.18.6.S applied shea€C#RP strain (failure test)
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12.59 — Specimen IT.7.18.6.S applied shea€#RP strain (failure test)
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Fig. 12.61 — Specimen IT.7.18.12.S applied sheaCF&P strain (failure test)
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Fig. 12.62 — Specimen IT.7.18.12.S applied sheaCF&P strain (failure test)
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Fig. 12.63 — Specimen IT.7.22.6.S applied shea€C#RP strain (failure test)
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Fig. 12.64 — Specimen IT.7.22.6.S applied shea€C#&RP strain (failure test)
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Fig. 12.65 — Specimen IT.5.22.12.S applied shea€F&P strain (failure test)
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Fig. 12.66 — Specimen IT.7.18.6.M applied sheaOFERP strain (failure test)
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Fig. 12.67 — Specimen IT.7.22.6.FT applied sheaC¥RP strain (failure test)
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Fig. 12.68 — Specimen IT.7.22.6.FT applied sheaC¥RP strain (failure test)
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Fig. 12.69 — Specimen T.6.18.6.S applied sheanidgspan disp. (baseline test)
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Fig. 12.70 - Specimen T.6.18.12.S applied sheamidspan disp. (baseline test)
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Fig. 12.71 - Specimen IT.7.18.6.S applied sheamvdspan disp. (baseline test)

Midspan Displacement (mm)
0.0 5.1 102 152 203 254 305 356 406

300 1334
250 1112
< 200 80 Z
- N
m -
= 150 667 §
2 n
2 2
D_ —_
2 100 445 &
<
50 222
0 0
0 0.2 0.4 0.6 0.8 1 12 1.4 16

Midspan Displacement (in)

Fig. 12.72 - Specimen IT.7.18.12.S applied sheamidspan disp. (baseline test)
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Fig. 12.73 - Specimen IT.7.22.6.S applied sheamvdspan disp. (baseline test)
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Fig. 12.74 - Specimen IT.5.22.12.S applied sheamidspan disp. (baseline test)
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Fig. 12.75 - Specimen IT.7.18.6.M applied sheamigspan disp. (baseline test)
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Fig. 12.76 - Specimen IT.7.22.6.FT applied sheamidspan disp. (baseline test)
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Fig. 12.77 - Specimen T.6.18.6.S applied sheamidgspan disp. (failure test)
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Fig. 12.78 - Specimen T.6.18.12.S applied sheamidgspan disp. (failure test)
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Fig. 12.79 - Specimen IT.7.18.6.S applied sheamwdspan disp. (failure test)
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Fig. 12.80 Specimen IT.7.18.12.S applied sheamigspan disp. (failure test)
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Fig. 12.81 - Specimen IT.7.22.6.S applied sheamwdspan disp. (failure test)
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Fig. 12.82 - Specimen IT.5.22.12.S applied sheamidspan disp. (failure test)
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Fig. 12.83 - Specimen IT.7.18.6.M applied sheamigspan disp. (failure test)

Midspan Displacement (mm)

0.0 5.1 102 152 203 254 305 356 406
300 1334
250 1112
~ 200 890 =
= 3
i 3
& 150 667 o
2 n
] i
2 100 445 S
<
50 222
O AAlAv‘ 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Shear [kips]

Fig. 12.84 - Specimen IT.7.22.6.FT applied sheamidspan disp. (failure test)
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12.85 - Specimen T.6.18.6.S applied sheaswsgport disp. (baseline test)

Fig. 12.86 — Specimen T.6.18.12.S applied sheawgport disp. (baseline test)
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Fig. 12.87 — Specimen IT.7.18.6.S applied sheaswysport disp. (baseline test)
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Fig. 12.88 — Specimen IT.7.18.12.S applied sheaswgport disp. (baseline test)
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Fig. 12.89 — Specimen IT.7.22.6.S applied sheaswysgport disp. (baseline test)
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Fig. 12.90 — Specimen IT.5.22.12.S applied sheaswgport disp. (baseline test)
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Fig. 12.91 — Specimen IT.7.18.6.M applied sheasupport disp. (baseline test)
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Fig. 12.92 — Specimen IT.7.22.6.FT applied sheaswgport disp. (baseline test)
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Fig. 12.95 — Specimen IT.7.18.6.S applied sheaswgport disp. (failure test)
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Fig. 12.96 — Specimen IT.7.18.12.S applied sheaswygport disp. (failure test)
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Fig. 12.97 — Specimen IT.7.22.6.S applied sheaswgport disp. (failure test)
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Fig. 12.98 — Specimen IT.5.22.12.S applied sheaswgport disp. (failure test)
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Fig. 12.99 — Specimen IT.7.18.6.M applied sheasupport disp. (failure test)
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Fig. 12.100 — Specimen IT.7.22.6.FT applied sheaswpport disp. (failure test)
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Fig. 12.101 - Specimen T.6.18.6.S applied sheadiggonal disp. (baseline test)
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Fig. 12.102 - Specimen T.6.18.12.S applied sheatisgonal disp. (baseline test)
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Fig. 12.103 - Specimen IT.7.18.6.S applied sheadiagional disp. (baseline test)
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Fig. 12.104 - Specimen IT.7.18.12.S applied sheadragonal disp. (baseline test)
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Fig. 12.105 - Specimen IT.7.22.6.S applied sheadiagional disp. (baseline test)
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Fig. 12.106 Specimen IT.5.22.12.S applied sheadiagonal disp. (baseline test)
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Fig. 12.107 - Specimen IT.7.18.6.M applied sheadiggonal disp. (baseline test)
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Fig. 12.108 - Specimei.7.22.6.FTapplied shear vs. diagonal disp. (baseline test)
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Fig. 12.109 - Specimen T.6.18.6.S applied sheadiggonal disp. (failure test)
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Fig. 12.110 — Specimen T.6.18.12.S applied sheati@gonal disp. (failure test)
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Fig. 12.111 — Specimen IT.7.18.6.S applied sheadiagonal disp. (failure test)
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Fig. 12.112 — Specimen IT.7.18.12.S applied sheadiagonal disp. (failure test)
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Fig. 12.113 — Specimen IT.7.22.6.S applied sheadiagonal disp. (failure test)
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Fig. 12.114 — Specimen IT.5.22.12.S applied sheadiagonal disp. (failure test)
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Fig. 12.115 — Specimen IT.7.18.6.M applied sheadiagonal disp. (failure test)
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Fig. 12.116 — Specimen IT.7.22.6.FT applied sheadiagonal disp. (failure test)
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12.4 Literature Review Specimens
This research created models in R2K of specimeons fexperiments in the literature
review. The values used in this paper are repdrédolv in Table 12.1. Figures 12.117 to

12.122 are the resulting shear curves for eachrapaaised from the literature.

Table 12.1 - Specimen properties from literature

ol & | fw [ fp | As | Ay | Ap | S | § |M/V[CFRP
Specimen | MPa| MPa| MPa | MPa| mn? | mn? | mn? | mm | mm | @dv| type
[ksi] | [ksi] | [ksi] | [ksi] | [in®] | [in] | [in®] | fin] | [inl

31.0| 427 | 345 |1875|1290| 142 | 142 | 356 | 178 bar
BS90-7A 145001162.0] [50] |[1272]| [2] |[0.221][0.221] 1241 | [7] | %42

stri

og.7Ly | 18-6] 699 | 538 | 295111813 57 | 28 | 300 | 114 |, ., | SUIp

[2698][101%]| [78] |[428]|[2.81]][0.088][0.043][11.8]| [4.5]
18.6| 699 | 538 | 2951 1813| 57 28 | 180 | 114 | 2.26/| strip
[2698][101%]| [78] |[428]|[2.81]][0.088][0.043] [7.1]| [4.5]
31.1| 445 | 533 | 2951/ 1877| 57 | 28 | 300 | 267 1.9 |strip
[4511][64.5]|[77.3]{[428]|[2.91]][0.088][0.043] [11.8] [10.5]
31.1| 445 | 533 | 2951/ 1877| 57 | 28 | 300 | 160 1.9 |strip
[4511][64.5]/[77.3]|[428]|[2.91]][0.088][0.043] [11.8] [6.3]
31.1| 445 | 533 | 2951/1877| 57 | 28 | 300 | 99 | 1.9 |strip
[4511][64.5]/[77.3]|[428]|[2.91]][0.088][0.043] [11.8] [3.9]
29.3| 545 | 655 | 2213/1523| 57 | 103 | 160 | 74 | 1.41| bar
[4250][79.0] [95] |[321]|[2.36]][0.088][0.16]| [6.3] | [2.9]
29.3| 545 | 655 | 2213/1523| 57 | 103 | 160 | 74 | 1.41| bar
[4250][79.0]| [95] |[321]|[2.36]][0.088] [0.16]| [6.3] | [2.9]
20.3| 545 | 655 | 2213|1523| 57 103 | 160 | 46 | 1.41| bar

[4250][79.0]] [95] [[321]|[2.3€]][0.08¢|[0.1€]) | [6.3] | [1.9
203| 545 | 655 | 2213 1523| 57 103 | 160 74 | 1.41 | strip

[4250][79.0] [95] |[321]|[2.36][[0.088][0.16]| [6.3] | [2.9]
23.0| 468 | 343 | 2068/ 6039| 258 65 | 457 | 749 | 6.56/| strip
[3338][67.9] [49.8]|[300]|[2.36]| [0.4] | [0.1] | [18] |[29.5]
30.7| 724 | 542 | 27441819 57 | 28 | 300 | 180 1.91]strip

[5758] [105]|[78.€]1[39¢€] |[2.82]|[0.08¢][0.04[11.€]| [7.1]
39.7| 724 | 542 | 2744/ 1819| 57 28 | 300 | 114 | 1.91|strip

[5758] [105]|[78.6]|[398]|[2.82]|[0.088][0.043] [11.8] [4.5]
30.7| 724 | 542 | 2744/ 1819 57 28 | 300 | 81 | 1.91]strip
[5758][105]|[78.6]|[398]|[2.82]|[0.088][0.043] [11.8] [3.2]
*Value is a weighted average of different strergiinforcing in the specimen
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Shear Stress Vib*dv [psi]

Shear Stress V/b*dv [psi]

Transverse Reinforcing Pressure Av*fylb®s [MPa]
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Fig. 12.117 — Shear curve for [De Lorenzis, 2001]
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Fig. 12.118 — Shear curve for [Dias, 2007]
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Fig. 12.120 — Shear curve for [Rizzo, 2009]
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Fig. 12.121 — Shear curve for [Howell, 2009]
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Fig. 12.122 — Shear curve for [Dias, 2010]
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