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from the testing of full-scale RC bridge girder specimens after exposure to prolonged
environmental exposure and combined action of freeze-thaw + repeated service loads.
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concrete caused higher concrete tensile properties resulting in increased bond strength.



Previous research showed CFRP strengthened T specimens with freeze-thaw exposure
exhibited lower shear capacity than similar unexposed CFRP strengthened T specimen. But
the current research demonstrated that if the beam is well protected against moisture
infiltration at the strip termination, the beam will be less susceptible to freeze-thaw bond
deterioration. The orientations of specimens during repair and during exposure are
important considerations for environmental durability. The CFRP strip terminations should
be focused on during installation to insure well and perhaps extra saturation even past the

CFRP material to limit moisture infiltration along this edge.
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ENVIRONMENTAL DURABILITY OF REINFORCED CONCRETE DECK
GIRDERS STRENGTHENED WITH SURFACE-BONDED CARBON FIBER-
REINFORCED POLYMER

INTRODUCTION

Many of mid-twentieth century reinforced concrete deck girder (RCDG) bridges in the
State of Oregon are considered deficient for shear. These RCDG bridges, with relatively
light shear reinforcement and poor flexural details, commonly exhibit diagonal cracks
resulting from increased service load magnitudes and volumes. With the large population
of cracked bridges and limited resources available for replacements, effective repair
methods are needed. Repair of civil infrastructure has become a key market for composites
and externally bonded fiber reinforced polymers (FRP) particularly have found many
applications. FRP is typically comprised of high strength fibers (e.g., carbon, glass,
aramid) saturated with a polyester or vinyl ester resin resulting in a composite material
with mechanical properties better than either of the components. These materials are
applied as additional shear stirrups and flexural reinforcement, which have been shown to
enhance ductility, strength and stiffness of the member in the short term. The recent
development of these materials for civil infrastructure means that there is no historical
record of long-term durability and thus the performance and life of FRP strengthened

members subjected to environmental exposure is uncertain.



BACKGROUND

Most of the transportation infrastructure in the US was constructed in the middle of the
20th century and is approaching the end of its expected design life. In addition, there were
significant increases in load demands over that period. To extend the life of existing
infrastructure there is a need for fast, efficient, and durable strengthening methods. A
constantly growing need for new and improved materials, processes, and products for cost
effective manufacture and design of engineering structures and systems has been driving
force in the development of the composite materials for structural applications. One of the
techniques gaining popularity is the bonding of CFRP sheets or laminates on structural
elements such as reinforced concrete beams and columns. The high strength-to-weight
ratios and conformability to the existing structure make CFRP attractive materials for

infrastructure rehabilitation.

A significant amount of prior research has been done on the performance of reinforced
concrete beams retrofitted for shear and flexure with CFRP composites (Chajes et al. 1995,
Malvar et al. 1995, Sato 1996, Norris et al. 1997, Triantafillou 1998, Buyukozturk et
al. 1998, Shehata et al. 2000, Al-Mahaidi et al. 2001, Li et al. 2001, Chen and Teng 2003,
Zhang et al.2005, Higgins et a/.2006). However, a little work has examined the effects of
environmental exposure on the behavior of strengthened members considering long-term

performance.

Although applications of this type of strengthening for bridge members have been reported
in the literature, many designers are still concerned by the long-term durability of these
materials, especially when they are used under adverse environmental conditions such as

freeze-thaw cycling, moisture ingress, fatigue loading and in particular, combinations of



that exposure. A recent survey of transportation agencies in 2005 indicated that field
applications of CFRP for shear strengthening have been in—service less than 10 years
[Higgins et al. 2006]. Due to the lack of field performance data, long-term durability of
FRP materials is typically predicted using accelerated laboratory tests. CFRP strengthening
can be used to provide additional flexural or shear strength and the performance depends
on stress transfer between the concrete and CFRP laminate. Ideally designers desire a
CFRP laminates that are perfectly bonded to the concrete substrate. Unfortunately, perfect
bonding does not exist and bond failure can occur. The types, causes, and mechanisms of
bond failure are complex and varied, and a considerable research has focused on
characterization of bond stresses, bond development lengths, and failure of bond FRP
reinforcement on concrete. A limited database of information exists on the effects of
environmental conditions on performance of the bond between the CFRP reinforcement
and substrate material. The effects of moisture and temperature cycling of the concrete on
the bond strength between concrete and CFRP reinforcement is still not well understood or
documented. American Concrete Institute (ACI) Committee 440.2R requires minimum
bond strength of 200 psi (1.4 MPa) and a failure mode expected within the concrete

substrate.

The key environmental exposures that may affect CFRP performance for most bridge
applications include: temperature, moisture, fatigue, and combined effects. These are

details subsequently.

Temperature
Based on review of the literature, extreme temperatures, either low or high, have not been

shown to greatly affect strength. Low temperature (-28° C) was not found to significantly



affect bond between CFRP and concrete when tested on 1/3 scale beams (El-Hacha ef al.
2004), although other studies found some deleterious effects in the form of matrix
hardening and fiber-matrix bond degradation under subzero temperatures (Karbhari 2002).
Karbhari et al. (2003) noted that high temperatures cause the resin or adhesive to soften
excessively, creating a potential weakness. Remaining within the manufacturer’s
suggested service temperatures was recommended. Myers and Ekenel (2005) examined
installation temperatures and established recommended limits based on strength and

workability to be between 4°C and 32° C for the two FRP systems studied.

An extreme temperature fluctuation, or freeze/thaw cycling, is another parameter that has
been investigated with conflicting findings for strength. A study by Bisby and Green
(2002) reviewed the available literature and found some research indicated a decrease in
overall strength as a result of exposure to freeze/thaw cycles while other studies showed no
significant effect. Their research on 39 small-scale beam specimens supported the
conclusion that the change in temperature extremes alone does not adversely affect the
overall flexural strength of the specimen. An earlier study by Green et al. (2000) found
similar results. Kong et al. (2005) recently showed that axial compressive strength of
wrapped concrete cylinders was reduced only 3% as a result of cyclic thermal exposure.
The bond of the FRP to the concrete was not affected by the cyclic exposure but there was

a change in the adhesive properties as evidenced by a change in failure modes.

In contrast, del Mar Lopez et al. (1999) tested 48 small-scale beam specimens and found
that the moment capacity and the maximum deflection decreased as a function of

freeze/thaw cycles. It was also noted that precracked beams exhibited a larger decrease



than initially uncracked specimens. Saenz et al. (2004) found degradation of a range of
FRP composite systems after 50 accelerated freeze/thaw cycles, although the thaw cycles
were conducted in salt water. Grace (2004) found reductions in strength of 3.3% and 9.5%
for beam specimens strengthened with CFRP plates subjected to 350 and 700 freeze-thaw

cycles, respectively.

Moisture

Exposure to moisture alone has not been as well-researched because it is commonly
coupled with other environmental effects such as temperature or various solutions. Grace
(2004) found that 87% of the effectiveness of the CFRP strengthening scheme can be lost
if the specimen is exposed to long-term relative humidity of 100%. Karbhari et al. (2003)
gap analysis confirmed this finding showing that exposure to moisture can have deleterious

effects on the fiber-matrix bond due to wicking along the interphase.

Sen et al. (2001) investigated the effects of moisture exposure combined with thermal
changes for CFRP bonded to concrete slabs over a period of 17 months. Tensile and shear
bond tests were performed after exposure and results indicated that wetting and drying

produced lower strengths and addition of temperature cycling did not prove detrimental.

Wu et al. (2004) studied the effect of water on the cure and mechanical properties of epoxy
adhesives. They found that a small amount of water (+2%) improved the cure time and the
modulus and strength properties but excess water (> +4%) had a negative impact on these

same properties.



Shear Fatigue of CFRP Strengthened Members

Previous laboratory investigation (Higgins et al. 2006) involving fatigue response of
externally bonded FRP laminates studied full-scale girders, replicated to the existing
conditions of typical 1950°s vintage RCDG bridges. Loading conditions for the tests were
established from measurements of in-situ CFRP strain data under ambient traffic
conditions over a period of 30 days. Service-level fatigue loading, accelerated to simulate
extended service life, was found to not change the ultimate capacity of the specimens.
However, cyclic loading test showed that the interface debonding propagates progressively
with increase of the fatigue cycles. Interface debonding areas may accelerate in the

presence of combined fatigue and freeze-thaw exposures.

Synergistic Effects

Karbhari et al. (2003) conducted a comprehensive durability gap analysis and one of the
main conclusions was the need for examination of combined effects. In-situ FRP
installations do not have just one of these environmental conditions in isolation, so further

studies under more realistic combined conditions was recommended.

Some durability studies have already examined the effects from combinations of
environmental conditions. Malavar et al. (2003) found that the combination of high
humidity and high temperature had a large impact on the bond strength as measured by
pull-off tests. Maximum relative humidity during adhesive application was recommended

to be 85%, which was later confirmed by research done by Myers and Ekenel (2005).



Mukhopadhyaya et al. (1998) found that bond transfer length, shear stress, and plate slip
increased with freeze/thaw and wet/dry cycles using a chloride solution as well as with a
combination of the two. However, ultimate strength did not appear to be effected and this
was attributed to the accelerated nature of the tests. Exposure duration was only for 9
months but it was predicted that these effects would become more significant over an

extended period of time.

CFRP Design Provisions for Environmental Exposure

Design provisions for FRP strengthening of RC structures have been developed by the
American Concrete Institute Committee 440 (ACI 440.2R-08). These provisions include
strength reduction factors to account for environmental exposure conditions. ACI-440
provides a list of possible environmental exposure conditions that may impact performance

including salt water, high temperatures, high humidity, and freezing and thawing cycles.

The current approach is to adjust the FRP material ultimate tensile strength, fﬁ,* and the

. . £ . . .
ultimate rupture strain, 5, with an environmental-reduction factor, Cp, as:

fu=Csfr (ACI-440 Eqn 8-3) [1]
&, =Cye,, (ACI-440 Eqn 8-4) 2]

to produce the design ultimate tensile strength, f;, and design rupture strain, g;. The
environmental-reduction factors depend on the exposure condition and the type of FRP
material as shown in Table 2.1. As this table shows, if the FRP system is located in a

relatively mild environment, the reduction factors are close to unity.



Table 2.1 - ACI-440 Table 8.1 Reduction factors for various FRP systems subjected to

environmental exposure conditions

Exposure Conditions Fiber and Resin Type lélrgcl)rrog‘rgnental-reductlon
Carbon/epoxy 0.95

Interior Exposure Glass/epoxy 0.75
Aramid/epoxy 0.85

Exterior exposure (bridges, | Carbon/epoxy 0.85

piers, and unenclosed Glass/epoxy 0.65

parking garages) Aramid/epoxy 0.75

Aggressive environment Carbon/epoxy 0.85

(chemical plants and waste | Glass/epoxy 0.50

water treatment plants) Aramid/epoxy 0.70

The above modification to the FRP material design properties is the only means employed
in ACI-440 to reflect the effects of environmental exposure on FRP strength. Currently,
there is no reduction taken directly for bond strength based on environmental exposure.
Bond reduction coefficients are based on the wrap configuration and compressive concrete
strength, and are used to further reduce the design rupture strain to produce an effective
strain. The maximum effective strain is limited at 0.4% (0.004 in/in). In practice, when
using the current approach, the reduced manufacturer-specified ultimate rupture strain
(accounting for environmental exposure, wrap configuration, and compressive concrete
strength) often still results in an effective strain greater than 0.4%. As a result, the
effective strain for design is limited to 0.4% and in effect, the environmental exposure may

not be adequately captured if it has a deleterious effect on the bond properties.

Summary
The additional strength provided by CFRP materials depends principally on the bond

between the member substrate and the CFRP, which allows stress transfer from the



concrete component to CFRP laminate. For most common shear strengthening
applications, the member strength is governed by debonding of the CFRP strips and thus
the material strength cannot be fully utilized. The causes and mechanisms of bond failure
are complex, and past research has shown conflicting results related to the effects of
different environmental exposures. Very limited previous work has been conducted related
to CFRP for shear strengthening and a need exists to quantify the effects of environmental
exposure on structural performance of CFRP shear-strengthened members, and identify
possible negative consequences of combined high-cycle fatigue and environmental

exposure.

The objectives of this research are to:

1) Develop realistic full-size specimens, apply CFRP reinforcement, and subject to
accelerated environmental exposures. Exposures to be considered include freeze-
thaw, freeze-thaw combined with high-cycle fatigue, and water immersion.

2) Experimentally determine the effects of the environmental exposures on the
structural performance of the CFRP shear-strengthened members by comparing
with similar unexposed specimens.

3) Analytically predict the shear strength of the CFRP strengthened specimens and
quantitatively estimate the effects of the environmental exposures.

4) Report experimental and analytical findings and make recommendations for CFRP

strengthening applications that are exposed to long-term environmental exposures.
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3 RESEARCH SIGNIFICANCE

Long-term durability of surface-bonded CFRP for strengthening reinforced concrete bridge
members remains uncertain due to the limited field experience with these materials. The
possible long-term durability issues are the structural performance of CFRP strengthened
members under moisture and freeze-thaw as well as combined with high-cycle fatigue
loading. Past experimental research on environmental durability has been limited to
reduced-scale specimens and focused primarily on flexural reinforcing and bond strength.
The influence of both environmental conditioning and structural performance of CFRP
materials on small scale samples is not well understood and extrapolation to full-scale
performance is uncertain. No information is available regarding shear strengthening
applications and the effect of environmental exposure in shear dominant regions. Previous
research investigated environmental exposure for applications without previous cracking of
the base concrete that may have an impact on the durability due to water moving through
the material at those locations. The orientation of the specimen is also important
consideration for environmental durability. The current research avoids these issues by
testing structural performance of full-scale RC bridge girder specimens strengthened for
shear after extended environmental exposures. A test protocol was developed for
environmental exposure cycling and the experimental results provide new information on

long-term durability of CFRP under these conditions.
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4 EXPERIMENTAL PROGRAM
To investigate the effects of environmental durability and combined action of cyclic
loading + environment on the structural performance of reinforced concrete bridge girders
strengthened for shear with surface-bonded CFRP, an experimental program was
undertaken. The general testing procedure consisted of the following steps:
i.  Imposition of initial diagonal and flexural cracking in the RC specimens (defined
here as precracking).
ii.  Epoxy injection of diagonal cracks.
iii.  Preparation of concrete surfaces.
iv.  Installation of CFRP materials.
v.  Reloading of CFRP strengthened beam to reproduce diagonal cracking (defined
here as recracking)
vi.  Development and application of a environmental exposure protocol (combined
with high-cycle fatigue load cycles for specimen FFT18CK)
vii.  Structural testing to failure.
To examine the bond properties of different CFRP materials subjected to same
environmental exposure protocol, a separate test matrix and sequence was implemented.

The above points are subsequently described in the sections below.

4.1 Test Specimens

Four full-scale reinforced concrete girders were constructed, representative of 1950’s
vintage proportions and detailing, for conventionally reinforced concrete deck girders
found in highway bridges [Higgins et al. 2004]. The specimens consisted of one T and

three inverted-T (IT) beams which were designed to fail in shear with typically
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encountered flexural steel proportions to provide realistic shear-moment interaction. The T
configuration represents shear in the presence of positive moment, as near abutment
locations, and the IT configuration represents shear in the presence of negative moment, as
near continuous support locations. The specimens had an overall stem height of 1219 mm
(48 in.), a web thickness of 356 mm (14 in.), a flange thickness of 152 mm (6 in.), and a
flange width of 914 mm (36 in.) and are illustrated in Figs. 4.1 and 4.2. The flexural steel
for both T and IT specimens consisted of well anchored #36 (#11) bars that enable

development of the bar yield stress at diagonal crack locations within the span.
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Fig. 4.1 — Typical inverted-T and T specimen elevation views.



13

914 mm [36 in.] 38 mm [1.5In.] Clear cover 356 mm [141n.]

ke | Je———| 38 mm [1.5in.] Clear cover
— #13 Grade 420 [#4 Grade 80] =
152 mm BN 3 Spaced @ 305 mm [12in.] B O O\u
[6in] \
T K 76mm
[3in] P - 25 wm [1in.] Glsar cover | ™ —#35 Grade 420 j#11 Grade 60]
N
\ #19 Grade 420 [#6 Grade 60] \ﬁﬂgfﬁmtﬂ?ﬁ'ful
mm n.
#13 Grade 280 [#4 Grade 40] 1?;,”?';‘
1067 mm / Spaced @ 457 mm[18in.] #18 Grade 420 [#6 Grade 60)
[42in) " Wabo® MBrace CF 130 Wabo® MErace CF 130
wr=254 mm [10in.] Wi=264 mm [101n]
8= 508 mm [20in.] o=306 mm[12in]
/'GBGMG420['11 Grade 60] 76 m o & #36 Grade 420 [#11 Grade 60]
3, Orad
90 mm o o o i :sg:n&ggsomnszm
potinl—t |lo o o i o do ol o y pa :
- 356 mm [14 in, 38 mm [1.5 in.] Clear cover — \
N > 25 mm [1 in.] Glear cover —/ | 914 mm [361n.] | \-38mm[1.5n] Clear oover
™ 1
T Specimen (Typical) Inverted T Specimen (Typical)
Fig. 4.2 — Typical T and inverted-T specimen section views.
4.2 Materials

Concrete was provided by a local ready-mix supplier for all specimens. The concrete mix
design was based on 1950°s AASHO “Class A” concrete used in previous research at OSU
[Higgins ef al. 2004]. The aggregate composition for the mix was reported by the supplier
as: 97% passing the 19 mm sieve (3/4 in.), 82% passing 16 mm (5/8 in.), 57% passing 12.5
mm (1/2 in.), 33% passing 9.5 mm (3/8 in.), 21% passing 8 mm (5/16 in.), 9.3% passing
6.3 mm (1/4 in.), 3.0% passing 4.75 mm (#4), 0.6% passing 2.36 mm (#8) and 0.3%
passing the 0.075 mm (#200) sieve. The sand composition of the mix was also reported
as: 99.7% passing the 6.3 mm sieve (1/4 in.), 96.8% passing 2.36 mm (#8), 59.4% passing
1.18 mm (#16), 44.9% passing 0.600 mm (#30), 17.9% passing 0.300 mm (#50), 3.7%
passing 0.150 mm (#100) and 1.7% passing the 0.075 mm (#200) sieve. The coarse
aggregate was from Willamette River bed deposits consisting of smooth rounded basaltic

rock. Specified compressive strength was 21 MPa (3000 psi), which is comparable to the
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specified design strength in the original 1950°s bridges. Actual concrete compressive
strengths were determined from 152 x 305 mm (6 in. x 12 in.) cylinders tested for 28-day
and day-of-test strengths in accordance with ASTM C39M/C 39M-05 and ASTM C617-

05. Concrete cylinder strengths for each specimen are shown in Table 4.1.

Longitudinal steel was #36 ASTM A615 Grade 420 (#11 Grade 60) bars while transverse
steel was #13 ASTM A615 Grade 280 (#4 Grade 40) open stirrups. Actual steel
reinforcing properties were determined from tensile tests per ASTM A 370 and ASTM E 8.
Three 406 mm (16 in.) long samples were cut from the #13 (#4) bars while three coupons
were made for the #36 (#11) bars according to the above ASTM standards. Tensile
specimens were tested with a 489 kN (110 kip) universal testing machine with constant

head speeds of 0.0169 mm/sec (0.000667 in./sec) for #13 (#4) and #36 (#11) bars.

Table 4.1: Concrete cylinder strengths.

28-day | Precrack Recrack Failure
Specimen ]((1,\C/IPa) {l,fdPa) szPa) j(}/lpa) ]((ZMPa) ](}/IPa) szPa)

[psi] [psi] [psi] | [psi] [psi] [psi] [psi]
m2conol | pioosy | aosy | posy | VA |NA | fagoe | faos
TisContol | oy | sy | jaory | VA |NA | faine) | faos
A N S e
TIMCK | B | sy | B | | VA | waoe) | pss7
e[ T T30 [hy [ 200 3%
FFTISCK ?41496] ?figé;] ?5%87] ff;g] N/A %418131;] fzi?m]
R N g N N P N
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Strain was measured using a class Bl extensometer with 50 mm (2 in.) gage length.

Measured mean steel properties are given in Table 4.2.

Table 4.2: Mean reinforcing steel properties.

Specimens Bar Size Grade f St
Material (mm) (MPa) [Ksi] (MPa) (MPa)
[in.] [ksi] [ksi]
ITI2M nels an | 466 784
ITI2MCK 436 - | [67.6] [113.7]
TTTI2FTCR | Frexural Steel ?(2}0 601 4915 827
FFT18CK & [71.3] [119.9]

For CFRP material properties, a 610 mm x 610 mm (24 in. x 24 in.) sheet of CFRP was
prepared as part of the installation process done on the specimens. One coat of saturant was
rolled onto a Teflon board, carbon fiber fabric was placed and saturated with the base
saturant, and a final coat of saturant was added before placing another Teflon board on top.
These sample sheets were cured under the same temperature conditions as the specimens.
After curing, 25 mm x 305 mm (1 in. x 12 in.) coupons were cut from the sheet using a wet
tile saw. Care was taken to ensure cuts were oriented along the fiber direction. The
coupons were prepared and tested in accordance with ASTM D 3039. Perforated fiberglass
programming board tabs 25 mm x 57 mm (1 in. x 2.25 in.) were cut and attached to the
ends of the CFRP coupons with cyanoacrolyte adhesive to prevent crushing of the CFRP in
the grips of the tensile testing machine. Coupons were tested using a 89kN (20 kip)
universal testing machine with a constant head speed of 1.25 mm/min (0.05 in./min) and
strains were measured using a Class B extensometer with a 25 mm (1 in.) gage length.

Direct pull-off tension tests of the CFRP were also completed for each specimen in

accordance with ASTM D 4541. After failure testing of specimens, four undisturbed
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regions of CFRP were prepared and cleaned before applying a 51 mm x 51 mm (2 in. x 2
in.) steel square dolly with adhesive. The surface is first roughened with the sand paper so
that the square dolly would bond well to the CFRP. The adhesive was allowed to cure
before using an abrasive cutting wheel to cut the CFRP around the edges of the dolly so as
to make the surface contact area 4 sq. in. A 1.6 kN (3600 1b) capacity portable testing
device with digital manometer was used to pull and record the maximum load. The mean
and standard deviation of the tension pull-off strengths for each specimen and for different

CFRP systems are shown in Table 4.3 and Table 4.4.

Table 4.3: CFRP pull-off tensile strengths.

Mean f,..o | Standard Deviation f.qp

Specimen | \pa) [psi] | (MPa) [psi]

IT12Control | 2.45 [355] | 0.53[76.52]

T18Control | 2.70 [391] | 0.80 [115.64]

IT12M 3.06 [445] | 0.94[136]

ITI2MCK | 2.60 [377] | 1.06 [154.75]

ITTI2FTCK | 2.84 [413] | 0.84 [122.75]

TISFFTCK | 2.40 [349] | 1.51[219.10]

Table 4.4: Pull-off tensile strengths for Different CFRP systems.

Control Freeze-Thaw
CFRP Standard Standard
System Mean f,.u.o | Deviation Mean f,... | Deviation
(MPa) [psi] | fouir-ofr (MPa) [psi] | founop
(MPa) [psi] (MPa) [psi]
Edge 2.63 [383] 0.26 [38] 2.48 [360] 0.7 [100]
Fyfe 2.5[361] 0.75[109] 2.53 [367] 0.21[31]
Sika 2.04 [293] 0.35[51] 2.3 [334] 0.25[36]
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Failure occurred for all tests in the concrete substrate. Pull off tests were also done on the
exposed concrete surface. The mean and standard deviation of the tension pull-off

strengths for concrete are shown in Table 4.5.

Table 4.5: Concrete pull-off tensile strengths.

. Mean f,u0 | Standard Deviation f,,.07
Specimen (MPa)f]fpsijif (MPa) [psi] e
Control 2.15 0.25

[312.5] [37.5]
Moisture 2.84 0.33
Specimens [412.5] [49]
Freeze Thaw | 2.71 0.56
Specimens [393.4] [81.75]

4.3 Test Setup

The experimental program consisted of 4 specimens, which were compared with the
control specimens, listed in Table 4.6. Three were tested in the IT configuration and one
tested in the T configuration. To characterize the performance of the CFRP strengthened
specimens independent of the environmental exposure, two otherwise identical control
specimens were tested as part of a prior study (Mitchell 2008): one in the IT configuration,
and one in the T configuration. Out of three IT specimens, two were tested for moisture
exposure, one of which was reloaded to produce diagonal cracks after the CFRP material
was applied and prior to moisture exposure. The remaining IT and T specimens were
subjected to environmental freeze-thaw exposure, which were also loaded to produce
diagonal cracks after the CFRP material was applied. The specimen age at key points in the
test program are shown in Table 4.7. All specimens were initially precracked and

strengthened with the same epoxy and CFRP materials. All specimens produced first
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diagonal cracking at shear of approximately 137kN (31 kips). Initial cracking for the
specimens (called precracking in this study) was done by subjecting the initial RC beam to
a maximum shear of 667 kN (150 kips) for the IT and 556 kN (125 kip) for the T
specimens. These forces correspond to about 90% and 83% of the ultimate capacity as
predicted by Response-2000 [Bentz 2001] for the IT and T specimens, respectively. The
maximum diagonal crack widths under load at these stages were 1.52 mm (0.06 in.) for the

IT specimens and 1.78 mm (0.07 in.) for the T specimens.

After initial cracking, a baseline test was performed to evaluate the stiffness, deformations,
and stresses of the cracked beams. The precracked condition for all specimens is shown in
Fig. 4.3. Epoxy injection of the injectable diagonal cracks was performed and the CFRP
applied before each of the specimen configurations was then recracked by applying 1001
kN (225 kips) and 725 kN (163 kips) of shear to the IT and T beams, respectively. Similar
to the initial precracking phase, a second baseline test was performed to evaluate the

stiffness, deformations, and stresses of the recracked CFRP strengthened beams.

Table 4.6: Experimental program.

Freezo- Moisture

Specimen Tvpe Precrack Shear Recrack Shear Thaw Ex.posure .
p yp (kN) [kip] (kN) [kip] (Time in

(cycles) Months)
IT12Control | IT 667 [150] N/A N/A N/A
T18Control | T 556 [125] N/A N/A N/A
IT12M IT 667 [150] N/A N/A 6
ITI2MCK IT 667 [150] 890[200] N/A 6
ITT12FTCK | IT 667 [150] 1001[225] 300 N/A
TISFFTCK | T 556 [125] 729[163] 300 N/A
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Table 4.7: Specimen cast dates and testing ages.

Age at | Age at| Age at F-T | Age at
Specimen Cast Date | Precrack | Recrack | Start Failure

(Days) | (Days) | (Days) (Days)
IT12Control | 3/4/08 43 N/A N/A 71
T18Control | 3/4/08 48 N/A N/A 69
IT12M 09/07/07 104 N/A N/A 389
IT12MCK 09/07/07 110 149 N/A 385
ITTI2FTCK | 04/30/08 58 72 78 191
FFT18CK 04/30/08 57 71 78 197

The specimens named with “CK” are the ones which were recracked after installation of
the CFRP. The recracked condition for all specimens is shown in Fig. 4.4. Both the
recracked and undisturbed CFRP strengthened specimens were then subjected to same
env